Performance analysis of vortex based mixers for confined flows by Buschhagen, Timo
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
Spring 2015




Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Aerospace Engineering Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Buschhagen, Timo, "Performance analysis of vortex based mixers for confined flows" (2015). Open Access Theses. 548.
https://docs.lib.purdue.edu/open_access_theses/548





This is to certify that the thesis/dissertation prepared
By  
Entitled
For the degree of 
Is approved by the final examining committee: 
To the best of my knowledge and as understood by the student in the Thesis/Dissertation 
Agreement, Publication Delay, and Certification Disclaimer (Graduate School Form 32), 
this thesis/dissertation adheres to the provisions of Purdue University’s “Policy of 
Integrity in Research” and the use of copyright material.
Approved by Major Professor(s): 
Approved by:
Head of the Departmental Graduate Program Date
Ì·³± Þ«­½¸¸¿¹»²
Ð»®º±®³¿²½» ß²¿´§­·­ ±º Ê±®¬»¨ ¾¿­»¼ Ó·¨»®­ º±® Ý±²º·²»¼ Ú´±©­










PERFORMANCE ANALYSIS OF 
VORTEX BASED MIXERS FOR CONFINED FLOWS 
A Thesis 




Timo Buschhagen  
In Partial Fulfillment of the 
Requirements for the Degree 
of 
Master of Science in Aeronautics and Astronautics 
May 2015  
Purdue University 
















I would like to thank my advisory committee consistent out of Prof. John P. Sullivan, 
Prof. Stephen D. Heister and Prof. Gregory A. Blaisdell for their great support, advice 
and guidance throughout this research project and my master studies. 
In addition I would like to thank the staff of the Aerospace Sciences Laboratory 
workshop, for their support during the development and fabrication of the experimental 
setup for this project. 
Furthermore I want to thank the Fulbright Scholarship Program for my scholarship 
nomination. Without this granted chance I wouldn’t have been able to participate in this 
master’s program. 
In conclusion I would like to thank my parents and family for their continued support and 




TABLE OF CONTENTS 
Page 
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
ABSTRACT ....................................................................................................................... xi
CHAPTER 1. INTRODUCTION .................................................................................... 1
1.1 Swirl and Vortex based Mixers ................................................................................. 3
1.2 Counter-Rotating Vortex-Pair Mixer ...................................................................... 11
1.3 Oxygen Sensor: Pressure Sensitive Paint ................................................................ 15
1.4 Objectives ................................................................................................................ 19
CHAPTER 2. SWIRLER MEASUREMENTS.............................................................. 20
2.1 Support Material and Luminophore Study .............................................................. 20
2.2 Experimental Setup ................................................................................................. 28
2.3 Calibration ............................................................................................................... 33
2.4 Measurements .......................................................................................................... 36
2.4.1 Procedure ....................................................................................................... 36
2.4.2 Results............................................................................................................ 39
2.4.3 Summary ........................................................................................................ 45
CHAPTER 3. ANALYSIS AND VELOCITY MEASUREMENT COMPARISON...... 46
3.1 Velocity Measurement Comparison ........................................................................ 47
3.2 CVP Swirler Mixing Length Analysis .................................................................... 56
CHAPTER 4. ALTERNATIVE SWIRLER CONCEPTS.............................................. 63
4.1 Multiple Counter-Rotating Vortex Pair Mixer ........................................................ 64
4.2 Double Counter-Rotating Vortex Pair Mixer .......................................................... 78
CHAPTER 5. FUTURE WORK AND CONCLUSIONS.............................................. 83
v 
Page 
5.1 Conclusion ............................................................................................................... 83





LIST OF TABLES 
Table .............................................................................................................................. Page 
Table 2.1 Properties overview of tested luminophore ...................................................... 25 
Table 2.2 Swirler measurement schedule ......................................................................... 36 
Table 3.1 tangential velocity and circulation of swirler M1 and M9 ................................ 61 
Table 4.1 MCVP swirler comparison ............................................................................... 72 
Table 4.2 TMCVP swirler comparison ............................................................................. 75 
Table 4.3 DCVP swirler comparison ................................................................................ 82 
Appendix Table 
Table A.1 Material and luminophore study result matrix I .............................................. 98 
Table A.2 Material and luminophore study result matrix II ............................................. 99 
Table A.3 Material and luminophore study result matrix III .......................................... 100 




LIST OF FIGURES 
Figure ............................................................................................................................. Page 
Figure 1.1 Streamlines in swirling annular free jet; S =1.57 [3] ........................................ 5 
Figure 1.2 Streamline visualization of port flow [4] ........................................................... 6 
Figure 1.3 Vortex injection experimental setup/flow field [1] ........................................... 7 
Figure 1.4 Experimental setup and cross-section view of generic vortex generator [6]..... 8 
Figure 1.5 Lobed mixer-nozzle configuration and radial flow components ....................... 9 
Figure 1.6 Vortex structure of lobed mixer ...................................................................... 10 
Figure 1.7 a) Streamlines and b) four pathlines for a CVP pipe flow field ...................... 12 
Figure 1.8 Potential flow velocity components a) U and b) V normalized by C .............. 12 
Figure 1.9 A CVP swirler model 10 manufactured by DMLS [8] .................................... 13 
Figure 1.10 Streamlines for ejected CVP flow into ambient air [9] ................................. 14 
Figure 1.11 experimental PSP measurement setup schematic [10] .................................. 16 
Figure 1.12 Porous and conventional PSP schematic [11] ............................................... 17 
Figure 2.1 Jet mixing schematic for material and luminophore study .............................. 21 
Figure 2.2 Experimental setup for material and luminophore study ................................ 22 
Figure 2.3 Calibration PSP probe images: a) jet inactive and b) jet active ...................... 23 
Figure 2.4 Mean nitrogen concentration for jet with Re=6900 ........................................ 24 
Figure 2.5 Probe geometry in mm .................................................................................... 26 
Figure 2.6 PSP mount concepts: a) conventional PSP, b) porous rod c) fiber support .... 27
viii 
 
Figure ............................................................................................................................. Page 
Figure 2.7 Experimental Setup (dimensions in mm) ........................................................ 28 
Figure 2.8 Nitrogen injection assembly ............................................................................ 29 
Figure 2.9 Measurement plane setup and flange modification (dimensions in mm) ........ 30 
Figure 2.10 a) vertical, b) 45 deg and c) horizontal swirler position and N2 distribution 31 
Figure 2.11 Experimental Facility in the Aerospace Sciences Laboratory at Purdue 
University .......................................................................................................................... 32 
Figure 2.12 Calibration setup ............................................................................................ 33 
Figure 2.13 Stern-Volmer relationship depending on nitrogen concentration ................. 34 
Figure 2.14 N2 concentration obtained by ring insert ....................................................... 35 
Figure 2.15 a) vertical, b) 45 deg and c) horizontal swirler position ................................ 36 
Figure 2.16 a) N2 distribution and b) inlet view of swirler M1 ........................................ 39 
Figure 2.17 a) N2 distribution and b) inlet view of swirler M3 ........................................ 40 
Figure 2.18 a) N2 distribution and b) inlet view of swirler M5 ........................................ 41 
Figure 2.19 a) N2 distribution and b) inlet view of swirler M8 ........................................ 42 
Figure 2.20 a) N2 distribution and b) inlet view of swirler M9 ........................................ 43 
Figure 2.21 a) N2 distribution and b) inlet view of swirler M10 ...................................... 44 
Figure 3.1 Swirler M1: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 48 
Figure 3.2 Swirler M5: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 49 
Figure 3.3 Swirler M8: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 50 
ix 
 
Figure ............................................................................................................................. Page 
Figure 3.4 Swirler M9: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 52 
Figure 3.5 Swirler M9: Measured a) N2 concentration at pipe exit and b)-d) in-pipe 
velocity components by Park [8] ...................................................................................... 53 
Figure 3.6 Swirler M10: Measured a) N2 concentration at pipe exit and b)-d) in-pipe 
velocity components by Park [8] ...................................................................................... 55 
Figure 3.7 a) fluid pathlines and b) nitrogen concentration distribution of swirler M1 ... 60 
Figure 3.8 a) fluid pathlines and b) nitrogen concentration distribution of swirler M9 ... 61 
Figure 4.1 MCVP swirler geometry inlet view (dimensions in mm) ............................... 64 
Figure 4.2 a) Γ0, b) AR(α) and c) a(α) development for MCVP swirler .......................... 67 
Figure 4.3 Potential MCVP model velocity field a) U and b) V component .................... 68 
Figure 4.4 a) Nitrogen concentration distribution obtained by ring insert b) ................... 69 
Figure 4.5 a) N2 concentration distribution and b) fluid pathlines of MCVP swirler ....... 70 
Figure 4.6 a) ring insert and b) MCVP unmixed core area ............................................... 71 
Figure 4.7 TMCVP swirler geometry inlet view (dimensions in mm) ............................. 73 
Figure 4.8 Potential TMCVP model velocity field a) U and b) V component ................. 74 
Figure 4.9 N2 concentration distribution and b) fluid pathlines of TMCVP swirler ........ 74 
Figure 4.10 Vortex center pathlines for a) MCVP and b) TMCVP swirler ...................... 76 
Figure 4.11 DCVP streamline visualization ..................................................................... 78 
Figure 4.12 DCVP swirler geometry inlet view (dimensions in mm) .............................. 79 
Figure 4.13 Potential DCVP model velocity field a) U and b) V component .................. 80 
Figure 4.14 N2 concentration distribution and b) fluid pathlines of DCVP swirler ......... 81 
x 
 
Figure ............................................................................................................................. Page 
Figure 5.1 Mixing efficiency comparison between the investigated concepts ................. 85 
Figure 5.2 Mixing model prediction for complete stirring loop ....................................... 87 
Figure 5.3 Experimental setup proposal (dimensions in mm) .......................................... 87 
Figure 5.4 Proposed nitrogen injector design ................................................................... 88 
Figure 5.5 PSP mount proposal (dimensions in mm) ....................................................... 89 
Figure 5.6 Lobed swirler proposal (dimensions in mm) ................................................... 90 
Appendix Figure 
Figure A.1 Swirler M4: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 93 
Figure A.2 Swirler M6: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 94 
Figure A.3 Swirler M7: Measured a) N2 concentration and b)-d) velocity components by 
Park [8].............................................................................................................................. 95 
Figure A.4 MCVP Swirler radial N2 concentration measurements compared to diffusion 
mixing reference ............................................................................................................... 96 
Figure A.5 TMCVP Swirler radial N2 concentration measurements compared to diffusion 
mixing reference ............................................................................................................... 96 
Figure A.6 DCVP Swirler radial N2 concentration measurements compared to diffusion 






Buschhagen, Timo. M.S.A.A., Purdue University, May 2015. Performance Analysis of 
Vortex based Mixers for Confined Flows. Major Professors: John P. Sullivan and 
Stephen D. Heister. 
 
 
The hybrid rocket is still sparsely employed within major space or defense projects due to 
their relatively poor combustion efficiency and low fuel grain regression rate. Although 
hybrid rockets can claim advantages in safety, environmental and performance aspects 
against established solid and liquid propellant systems, the boundary layer combustion 
process and the diffusion based mixing within a hybrid rocket grain port leaves the core 
flow unmixed and limits the system performance. One principle used to enhance the 
mixing of gaseous flows is to induce streamwise vorticity. The counter-rotating vortex 
pair (CVP) mixer utilizes this principle and introduces two vortices into a confined flow, 
generating a stirring motion in order to transport near wall media towards the core and 
vice versa. Recent studies investigated the velocity field introduced by this type of 
swirler. The current work is evaluating the mixing performance of the CVP concept, by 
using an experimental setup to simulate an axial primary pipe flow with a radially 
entering secondary flow. Hereby the primary flow is altered by the CVP swirler unit. The 
resulting setup therefore emulates a hybrid rocket motor with a cylindrical single port 
grain. In order to evaluate the mixing performance the secondary flow concentration at 
the pipe assembly exit is measured, utilizing a pressure-sensitive paint based procedure.
xii 
 
The CVP mixer results are analyzed and compared to previously taken velocity 
measurement and a potential flow based mixing model to find a correlation between the 
mixing behavior and the introduced flow alteration. Subsequently additional swirler 
concepts are developed and tested in order to reduce the necessary mixing length and 
optimize the mixing performance. 
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CHAPTER 1. INTRODUCTION 
Designer of propulsion systems usually face mixing problems in several components 
throughout the development process. In jet engine combustors liquid and gaseous fluids 
need to get mixed, in order to obtain the desired mixture ratio for a stable combustion. 
For Turbofan engines, which require mixing of the primary flow with the coaxial 
secondary flow, two gaseous streams are mixed to reduce the jet noise, which is 
important for commercial aircraft, and temperature which is essential for military 
applications to reduce the thermal signature of the engine. All these technical problems 
are high Reynolds number flows, define by large volumetric flow rates and fluid 
velocities. Especially in the case of compressible gaseous flows, shear layer mixing is 
known to be slow, due to the large volumetric flows compared to the relatively small 
shear layer. One example for this flow problem is the combustion process within a hybrid 
rocket motor. In the fuel grain port of these engines, the oxidizer flows over the grain 
surface and develops a reactive boundary layer with a thin combustion zone. The mixing 
between both propellants is most prominent in the boundary layer zone, which results in 
an unmixed core flow and therefore poor combustion efficiency. In addition, low grain 
regression rates compared to solid rocket motors (order of magnitude lower) have to be 
compensated by grains with large wetted areas, comprised out of complex cross-sectional 
designs in order to develop the necessary fuel mass flux [1]. These grains are expensive
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and achieve a lower density impulse compared to solid rocket motors [2]. Studies showed 
that swirled oxidizer flows could potentially accelerate the fuel regression rate for hybrid 
rocket engines, due to the increase in surface pressure, caused by centrifugal forces, and 
elevated convective heat transfer, caused by the additional tangential velocity component 
near the grain surface. The swirling motion is also expected to enhance the combustion 
efficiency, resulting out of the transfer of fuel rich mixture into the oxidizer rich core 
flow. A post-combustion chamber, usually installed between fuel grain and nozzle 
section to ensure sufficient mixing of the propellants, could get redundant for a swirled 
oxidizer case, which would reduce the total length of the rocket and therefore improve 
the mass-fraction ratio of the system.  
Another example for compressible fluid mixing problems is apparent in nuclear thermal 
rocket engines. Here the propellant is heated by convective heat transfer while flowing 
through a pipe setup within the cooling system of the reactor. The introduction of a 
rotational component to the flow could serve as fluid transport mechanism and potentially 
decrease the necessary heating length, due to the increased residence time of the flow in 
the tube, and subsequently reduce the inert mass of the system. 
Obstacles and vanes used to create streamwise vorticity or swirl produce wakes, 
separation and recirculation zones which need energy to form and therefore increase the 
entropy and reduce the potential work output of a flow system. Therefore all benefits 
introduced by swirled flows, need to be evaluated against the introduced pressure loss to 
the system.  
The present work will focus on the performance analysis of an existing mixing device for 
gaseous fluids in a pipe setup. A counter-rotating vortex pair (CVP) is introduced to the 
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primary flow by the device, in order to provide a mechanism to transport near wall media 
towards the core and vice versa. To measure the mixing performance of the investigated 
swirlers, an experimental setup was developed which allows the simulation of a primary 
pipe flow with a radially entering secondary flow. The swirler introduces the CVP into 
the primary flow, which is simulated by air. The secondary flow medium is nitrogen, 
which is injected downstream of the swirler exit. A pressure-sensitive paint setup is then 
utilized as oxygen sensor at the pipe assembly exit, to determine the nitrogen 
concentration within the flow and consequently evaluating the mixing performance of the 
swirler. 
The following subsections will provide topic related background information and define 
the scope of this work. 
 
1.1 Swirl and Vortex based Mixers 
 
Mixing is essential for combustion processes in order to produce the necessary mixture 
between the reactants. In aerospace propulsion systems engineers need to develop 
combustors within a strongly limited design space, due to dimension and mass 
considerations. Efficient combustion is necessary within these devices to increase the 
range, given a specified propellant mass, as well as considering the environmental impact 
of the propelled vehicle. In addition, combustion stability needs to be established in order 
to ensure a nominal operation of the engine, considering different operation points and 
the in general high flow velocities occurring in propulsion systems. Hence several 
principles were developed to decrease the mixing length, enhance the efficiency and 
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increase the combustion stability of combustors, to optimize the weight and fuel 
consumption characteristics. 
One of these principles is to introduce swirl to the combusting flow, which is summarized 
in [3]. Hereby a tangential or rotational component normal to the flow direction is 
produced by comprising angled vanes or actual tangential injection of primary, secondary 
or both flows. To determine the swirl magnitude of a flow a non-dimensional parameter S 
(swirl number) is used, which is defined as: 
 = ∫ �∫  (1) 
It represents the ratio of the axial flux of tangential momentum to the axial flux of axial 
momentum. A low swirl number of S<~0.4 increases the growth and entrainment rate of 
free and confined jets compared to a non-swirled case. Stronger swirl numbers (S>~0.6) 
produce strong radial and axial pressure gradients, which lead to a toroidal recirculation 
zone centered in the jet core near the nozzle. This effect is frequently used in combustors 
to create a flame holding zone. The usual setup used in these kind of combustors is 
coaxial, where a premixed mixture is injected surrounded by the oxidizer flow. [3] 
Figure 1.1 shows a typical flow field of a swirling circular jet. 
A turbulent swirling flame behaves similar to a turbulent non-reacting swirling flow 
(Figure 1.1). The recirculation zone in a swirling flame consist out of combustion 
products which serve as a heat source for the surrounding flow. The enhanced 





Figure 1.1 Streamlines in swirling annular free jet; S =1.57 [3] 
 
The idea of applying swirl to the oxidizer flow of a hybrid rocket motor was investigated 
in several projects. Bellomo et. al conducted numerical and experimental work on a 
vortex injection hybrid rocket [4]. Their experimental motor deployed a single port 
circular fuel grain consistent out of paraffin and liquid nitrous oxide (N2O) as an oxidizer. 
In order to investigate solely the influence of oxidizer swirl upon the performance, the 
experimental setup didn’t include a pre-combustion chamber. The injector got mounted 
directly at the port entry and applied six 45deg holes to create an axial-tangential counter-
clockwise swirling oxidizer flow. A CFD streamline visualization of the flow is shown in 
Figure 1.2. Performance measurements with a self-pressurized (pc=~10 bar) and 
pressurized injection (pc=~20 bar) system were conducted and compared to reference 
measurements done with a 6-hole showerhead injector but otherwise identical setup. 





Figure 1.2 Streamline visualization of port flow [4] 
 
It was found that the regression rate was increased up to 51 % and the combustion 
efficiency up to 16 % for the pressurized injection. Due to the higher velocities near the 
grain surface the heat transfer rate within the diffusive reaction boundary layer can be 
enhanced, which results in the increased regression rate. Furthermore the turbulent 
kinetic energy is enhanced through the swirling motion and increases the mixing within 
the port, which leads to the efficiency improvement [4]. A subsequent project deployed a 
full tangential injector which resulted in a 40 % increase in regression rate and an 
improvement of 14% in combustion efficiency [5]. 
Orbital Technologies Corporation (ORBITEC) investigated tangential oxidizer injection 
in hybrid rocket motors during the late 1990s. Within these projects gaseous oxygen was 
used as an oxidizer and polymethyl methacrylate (PMM) as well as hydroxyl-terminated 
ploybutadiene (HTPB) were employed as solid fuel. The experimental setup is shown in 
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Figure 1.3 and comprised multiple tangential injection ports over the full length of the 
grain.  
 
Figure 1.3 Vortex injection experimental setup/flow field [1] 
 
Several firing mishaps during the experiment period revealed an interesting flow field 
within the port which is drawn in Figure 1.3 as well. Due to the high tangential velocity 
component centrifugal forces presses the oxidizer flow against the grain surface. The 
presence of the aft end chamber wall forces the flow to move upward towards the head 
end of the engine. There the flow must turn inwards due to the presence of the head end 
chamber wall and propagates towards the nozzle. Hence a bidirectional co-rotating vortex 
pair develops within the chamber. During the experiments the O/F ratios varied between 
1.28 to 2.47 for PMM and 0.93 to 1.66 for HTPB. Chamber pressure ranged from 1 to 4.4 
bar (15 to 64 psi) for PMM and 1.7 to 4.6 bar (27 to 67 psi) during the survey. The 
Measurements resulted in 4 to 8.4 times (PMM) and 5.6 to 6.4 times (HTPB) higher 
regression rates compared to the conventional head end injection [1]. In a following 
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phase of the project the injector design was modified to a single ring injector at the aft 
end of the motor. This design was chosen in order to improve the manufacturability of the 
grain, which would result in a simple single port cylinder, and to prevent uneven burning, 
which occurred around the injection holes in the previous design. Figure 1.4 shows the 
experimental setup and injector design of the 2nd phase of the project. The selected 
oxidizer and fuel for this project phase were gaseous oxygen and HTPB respectively.[6] 
During the data collection O/F ratios varied between 1.42 and 2.93 and chamber pressure 
from 1.5 to 6.9 bar (22 to 100 psi) were established. The comparison of measured 
pressure data on the chamber center line and near the grain surface revealed a strong 
radial pressure gradient of 0.8 bar/mm (30 psi/in), indicating the presence of a strong 
vortex field within the chamber. 
 




The Regression rate analysis determined an increase up to 640% compared to 
conventional head end injection. Knuth et. al found that the regression rate is improving 
with an increase in port diameter. It was also found that a conventional hybrid motor 
would need to provide an approximately 10 times larger oxidizer mass flux in order to 
match the regression rate of a vortex injection system. The improvement of regression 
rate was ascribed to the high tangential velocity component near the grain surface, 
increasing the convective heat transfer within the reactive boundary layer, as well as the 
improved mixing performance due to the induced swirl and residence time within the 
chamber, established by the bidirectional vortex.[6] 
 
 Figure 1.5 Lobed mixer-nozzle configuration and radial flow components  
 
Streamwise vorticity is known to be beneficial for mixing processes, due to the enhanced 
turbulent kinetic energy and entrainment. Lobed mixers exploit this effect to significantly 
reduce the mixing length between primary and secondary flow in jet engines. McCormick 
et. al paper on lobed mixers gives a comprehend overview of the flow characteristics of 
these devices[7]. Furthermore the mixing of both streams provide a thrust amplification, 
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due to the heat transfer between both flow components, and a noise reduction resulting 
from the reduced jet exit velocity. Chevron nozzles also provide improved mixing and 
noise reduction due to the same effects. Recent commercial vehicles, including all current 
Boeing models, apply chevron nozzles to the bypass flow in order to decrease the noise 
development on their engines. 
 
 Figure 1.5 shows a lobed mixer nozzle configuration. This mixer concept is using the 
general shear layer mixing process along the convoluted trailing edge, where two streams 
of different velocities merge after passing a splitter plate (here the lobed mixer exit). Two 
different vorticity types are generated by the lobed mixer (Figure 1.6). The bulk 
streamwise vorticity (orange) is generated by the alternating divergent and converging 
nozzle segments comprised to the primary (red) and secondary flow (blue). 
 
Figure 1.6 Vortex structure of lobed mixer 
 
A secondary vorticity structure is introduced by the shear layer between both streams 
which develops out of Kelvin-Helmholtz instabilities due to the velocity difference along 
the trailing edge (green). Literature refers to this vorticity structure as Normal- or Kelvin-
Helmholtz-Vorticity. McCormack et. al also found that the initial Kelvin-Helmholtz wave 
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length λkh is ¼ of the planar shear layer case, therefore lobed mixers induce smaller 
turbulence scales earlier to the shear layer and effectively enhance molecular mixing.[7] 
These examples show that the introduction of swirl or streamwise vorticity can 
effectively enhance mixing for propulsion related flows.  
The following subsection will focus on a counter-rotating vortex pair (CVP) mixer 
concept developed by Park [8]. 
 
1.2 Counter-Rotating Vortex-Pair Mixer 
 
The CVP mixer or swirler is based on the idea to utilize streamwise vorticity in a pipe to 
effectively transport near wall flow towards the center axis. Hybrid rocket motors tend to 
show low regression rates and poor mixing efficiencies due to the diffusion based mixing 
within a reacting boundary layer developing over the fuel grain surface. This boundary 
layer is relatively small compared to the port diameter, which result in an oxidizer rich 
core flow and leads to a low mixing efficiency within the grain port. To improve the 
mixing a post-combustion chamber is usually installed after the grain to allow sufficient 
mixing of the reactants before exiting through the nozzle. Complicated grain designs are 
used in order to increase the oxidizer exposed surface area to generate the necessary fuel 
mass flow for the desired O/F ratio. These geometries are expensive to manufacture and 
the needed supporting structure within the grain is increasing the inert weight of the 
system. The CVP swirler could help to improve the performance of hybrid rocket motors 
and potentially serve as mixing device in general combustion chambers. Figure 1.7 shows 
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a CVP streamline field (a) and four pathlines of particles traveling through a CVP flow 
field within a pipe (b). 
 
Figure 1.7 a) Streamlines and b) four pathlines for a CVP pipe flow field 
 
Park developed a potential flow model for a CVP flow within a pipe using the Thomson-
Milne Theorem[8]. The potential vortices within the pipe were superimposed by two 
Rankine-Vortices to eliminate the singularities within the center of each vortex. Figure 
1.8 shows the resulting potential velocity components normalized by the axial velocity C. 
 




By relating the vane angle to the desired rotational velocity component, Park could 
generate the flow field over the complete axial length of the mixing device. Using the 
streamline definition and the generated velocity data, vane coordinates were computed to 
allow a 3D design of the device. The detailed design process is described in [8]. 
Several swirler models were fabricated using 3D printing and tested. Park measured, the 
swirler generated, velocity field using a 7-hole probe and improved the geometry 
iterative. The optimization process was driven by increasing the imparted rotational 
component simultaneous to a maximum uniformity of the axial flow. A leaf blower 
provided the air flow guided by a pipe assembly. Each swirler model was positioned at 
the exit of the pipe assembly and the measurements were taken along a plane with an 
offset of 1.2η cm (0.η”) of the mixer exit plane. The optimized swirler model M10 was 
fabricated by Direct Metal Laser Sintering (DMLS), shown in Figure 1.9, and tested on a 
high capacity nitrogen flow rig to determine the pressure losses produced by the device. 
 




Measurements showed that the pressure loss coefficient K could reach 0.0105. The total 
pressure loss over the device is then defined as: = � ∗     � ℎ :  ;  : �   
This performance was found to be sufficient for a potential hybrid rocket application.[8] 
Steen et. al conducted a CFD analysis of Park’s work, which can be found in Reference 
[9]. They found that the swirler entrains surrounding low energy fluid when exiting into 
ambient air, as can be seen in Figure 1.10. 
Steen et. al numerical work validated the downward motion of the CVP when the flow is 
ejected into ambient air, which was also suggested by Park’s experimental analysis[8]. 
The CFD primary to secondary mass flow ratio also showed that the bulk main flow of 
the jet propagates downward, due to the induced velocity of between the vortices. 
However, an upward directed jet was identified, which could be related to the higher 
axial momentum on the upper and lower periphery of the device, due to the decreasing 
vane angles and therefore decreased rotational momentum[9]. 
 





1.3 Oxygen Sensor: Pressure Sensitive Paint 
 
This subsection is intended to introduce the concept of pressure-sensitive paint, which is 
utilized in this project to measure the oxygen concentration of a mixed pipe flow. 
Pressure Sensitive Paints (PSP) serve as an experimental quantitative surface pressure 
measurement technique for bodies exposed to an airflow, such as models in a wind tunnel 
or actual vehicles during flight. 
Traditional pressure measurement techniques comprise taps or holes on the body surface 
connected to pressure transducers by a tube or hose to measure the surface pressure at a 
point of interest. Due to physical minimum dimensions of the taps and connecting lines 
the spatial resolution of the pressure surface field on the body of interest is limited. The 
manufacturing of models with several pressure taps is also cost intensive and complex 
machining operations are necessary. Due to these limitations, conventional pressure 
measurement systems cannot resolve the details complex flow fields, which are needed to 
determine the aerodynamic loading of the body or to validate CFD model results. In 
contrast to that PSP can visualize a full surface pressure field due to a noncontact 
measurement technique which is described in the following.[10] 
PSP consist out of a luminescent molecules and an oxygen permeable polymer binder 
which are liquefied in a solvent to apply the mixture onto the surface of interest. Once the 
solvent evaporates a solid PSP coating is formed. The luminescent molecule can be 
excited by light of a specified wavelength. To return to the ground state energy state the 
luminescent molecules use a radiative and a non-radiative process. During the radiative 
process the molecule emits a light with a longer wavelength compared to the absorbed 
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wavelength (luminescence). The non-radiative process comprises an interaction with 
oxygen molecules, which is called quenching. Hence the presence of oxygen in the 
environment of the paint will quench the light emission of the luminescent molecule. The 
concentration of oxygen within the PSP layer is proportional to the partial pressure of 
oxygen in the environment of the paint, as defined by Henry’s law. The partial pressure 
of oxygen is proportional to the pressure of air and therefore the luminescent intensity of 
the PSP is inversely proportional to air pressure.[10]  
To describe the dependency between air pressure  and luminescent intensity � the Stern-
Volmer Equation was introduced. A simplified form of this relationship is: 
 
��� = + � = + [ ][ ,� ] (2) 
In which ��  is the luminescent intensity and �  and ,�  the static air pressure and 
oxygen concentration at a specified reference condition. The constants A and B are the 
Stern-Volmer coefficients. These are dependent of temperature (thermal quenching) and 
can be determined by calibration. The reference intensity is measured with no active flow 
over the surface and known ambient pressure, which defines the reference pressure in the 
relationship as well.  
 
Figure 1.11 experimental PSP measurement setup schematic [10] 
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Figure 1.11 b) shows the Stern-Volmer relationship for three different PSPs, containing 
different luminophore types. [10] 
A typical measurement apparatus, shown in Figure 1.11 a), consists out of a model or 
body of interest, the PSP layer on the respective surface, an exciting light source (UV, 
LED, Laser), a detector suited with an optical filter and a data acquisition/processing unit. 
The detector can be a CCD Sensor within a digital camera or other photodetectors like 
photodiodes. The taken images can be decomposed into RGB color data with a 
computation software (MatLab). Based on the emission wavelength of the paint the 
respective color data is analyzed and an intensity ratio computed. This ratio procedure 
also has the benefit of compensating non-uniform illumination, uneven coating or 
luminophore distribution within the layer.[10] In addition to conventional PSP, porous 
PSP is used where small response times are necessary to gather the characteristics of the 
flow field as in unsteady flow fields. Figure 1.12 shows the difference between both PSP 
types in a schematic. 
 
Figure 1.12 Porous and conventional PSP schematic [11] 
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For porous PSP the luminescent molecules are mixed with a solvent and directly applied 
to a porous surface. After the solvent evaporates the luminophore particles sit within the 
porous structure of the surface layer. The response time of conventional PSP is mainly 
influenced by the polymer oxygen permeability, since the oxygen molecules need to 
penetrate the binder before it can interact with the luminophore. In contrast to that the 
luminophore in the porous PSP is directly exposed to the surrounding gas. Hence porous 
PSP reacts faster to oxygen concentration shifts and therefore pressure alterations. 
Another positive effect caused by the porous surface is the increased surface are, which 
leads to an increased luminescence intensity of the paint compared to conventional 
PSP.[12] 
One example for a support structure for porous PSP is the TLC plate. A TLC plate 
consists out of an inert base film (aluminum or glass) and a thin layer of absorbent 
material (aluminum oxide or silica gel). Using this material as binder structure the 
luminophore-solvent mixture can be directly applied to the TLC plate. This paint is fairly 
simple to prepare and can deliver a bright luminescence emission. Due to the brittle 
nature of the absorbent material the application of TLC plates is limited to flat and 
slightly curved surfaces. For more complex geometries, aluminum anodized surfaces are 
used or more complex polymer formulations with improved diffusivity allowing faster 
response times.[12] 
A more complete description of pressure- and temperature-sensitive paint can be found in 






The objective of this work is the evaluation of the mixing performance of existing CVP-
mixer devices developed by Park[8]. For this purpose Park’s experimental setup is 
modified to simulate a swirled primary passage flow with a radially entering secondary 
flow. In order to determine the resulting composition of the mixture, a measurement 
setup is developed to obtain the secondary flow concentration in the flow, using pressure-
sensitive paint as an oxygen sensor. The measurements will be compared to the velocity 
data surveyed by Park, to determine a potential correlation. Based on Park’s CVP 
potential flow model, a mixing model is developed to better visualize the mixing process 
within the flow. Upon the results of the mixing analysis, modified concepts are proposed 
and tested in order to find an optimized mixer solution. 
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CHAPTER 2.  SWIRLER MEASUREMENTS 
This chapter will describe the experimental work done for this project. In the first 
subsection a probe support material and luminophore study will be described, which was 
conducted to design a suitable probe for the swirler measurements. Subsequently the 
swirler measurement setup and calibration method is summarized. The concluding 
subsection states the measurement procedure and lists the results. 
 
2.1 Support Material and Luminophore Study 
 
This material and luminophore study was an attempt to find a suitable material-paint 
combination for the CVP-swirler concentration measurements. In order to simplify the 
PSP measurement setup an increase the accuracy of the measurements an innovative 
probe design is desired, which could integrate the excitation source and allow in-pipe 
measurements. Since the objective of this work is to evaluate the swirler mixing 
performance, an in-pipe measurement would be favored over a pipe exit measurement to 
avoid any ejection influences. 
To determine the performance of different material-luminophore and excitation source 
combination, a jet mixing experiment was conducted. Regulated nitrogen from a cylinder, 
is ejected into ambient air, where the jet starts to form a shear layer with the surrounding 
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medium. A schematic of the jet mixing process is given in Figure 2.1. The jet structure is 
divided into a decreasing primary flow core, where we find pure nitrogen, and a mixing 
area which shows a radial decreasing nitrogen concentration distribution (red), dropping 
to the ambient air concentration of approximately 79%. Due to the entrainment of 
ambient air, the nitrogen concentration peak, located at the jet centerline, decreases and 
the distribution gets broader as we step downstream of the nozzle exit. 
 
Figure 2.1 Jet mixing schematic for material and luminophore study 
 
The velocity profile behaves in a similar way. Momentum transport within the shear layer 
between the low energy ambient air and the high energy primary flow as well as the 
entrainment of ambient air, decreases the mean jet velocity and broadens the jet as we 
step downstream of the nozzle exit. Thus from momentum and mass conservation the 
peak core velocity decreases and the velocity profile broadens. 
The experimental setup shown in Figure 2.2 was used to determine the radial jet nitrogen 
concentration. The nitrogen jet was provided by a copper pipe (inner diameter 1 cm) 
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connected to a regulated nitrogen cylinder. To allow a fixed digital camera position, the 
PSP probe was mounted at a fixed position and the jet was translated by a traverse to take 
measurements at different axial positions downstream of the nozzle exit.  
 
Figure 2.2 Experimental setup for material and luminophore study 
 
The Stern-Volmer relationship is used to determine the jet radial nitrogen concentration. 
One can rewrite the relationship as: 
 ��� = + [ ][ ,� ] (3)  
Where the static pressure ratio is replaced by the oxygen concentration ratio, since the 
oxygen concentration defines the pressure proportionality, as stated in section 1.3. To 
determine the Stern-Volmer coefficients A and B, two images of the PSP probe are 
necessary. Figure 2.3 a) shows the probe reference image and b) the active jet image, 




Figure 2.3 Calibration PSP probe images: a) jet inactive and b) jet active 
 
On the jet centerline the nitrogen concentration is assumed to be 100%, whereas far away 
from the jet centerline (2D) the oxygen concentration is equal to that of ambient air, 
which is assumed to be 21%. Thus the Stern-Volmer coefficient can be computed by the 
following expressions: 
 =  ��� | = =  (4) 
 = � ��� | = � + ��� | = � − =  (5) 
Once the Stern-Volmer coefficients are defined, the radial nitrogen concentration can be 
calculated at each y position. For that the air composition is approximated as 21% oxygen 
and 79% nitrogen, since the remaining species occupy less than 1% by volume. With that 
assumption one can write: 
 [ ] = − [ ] 
(6) 
And substituting equation (6) into equation (3) gives: 
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 [ ] = − [ ,� ] (��� − ) (7) 
This procedure can be written as a MatLab routine, where the intensity is determined by 
evaluating the RGB channels. After extracting the respective color channel (red for 
Ruthenium) the horizontal pixel intensities can be averaged to a mean intensity value for 
each y position. The signal is then filtered to eliminate fluctuations or any noise captured 
by the detector. The described procedure is applied to all axial position measurements. 
One can plot the radial nitrogen distribution for each axial position and obtains the 
described behavior in Figure 2.1. An exemplary radial nitrogen concentration for a jet 
with a TLC probe and a Ruthenium based PSP is given in Figure 2.4. 
 
Figure 2.4 Mean nitrogen concentration for jet with Re=6900 
 
The described experiment was used to evaluate different combination between the probe 
material, luminophore and illumination source. The tested luminescence molecules with 




Table 2.1 Properties overview of tested luminophore 
Luminophore 
 Abbrv. / 
Chem. 
Formula 
λa λe Stern-Volmer 
Coefficients 
[nm] [nm] A B 















457 (blue) 520 (green) 0.33 0.67 
 
The investigated support materials were: 
- TLC plate 
- Cotton String 
- Nylon String 
- Porous polymer rods / fibers 
- Optical fibers 
- Selective Laser Sinter polymer 
As excitation source the following devices have been used: 
- UV Lamp (254nm, Spectroline EF-180/12) 
- UV LED (365/390nm, Streamlight TwinTask 3C) 
- Blue LED (460-490nm) 
 
The 3D printer polymer FullCure 720 Transparent was investigated to determine if the 
material is suited to serve as a PSP support. For this purpose the probe, shown in  
Figure 2.5, was printed and tested. The probe comprises a single LED mount at the 
bottom of the device. Unfortunately it was found that the optical conductivity is low in 
this material, which resulted in an uneven illumination of the measurement section of the 
probe. Cotton and nylon string showed a poor performance as PSP support material, due 




Figure 2.5 Probe geometry in mm 
 
The tested optical fiber types showed similar problems. Two ‘side glow’ fiber made out 
of PMMA with a diameter of 2 mm and 0.75 mm were investigated. All polymer based 
support options were not suitable for a direct luminescence molecule application (solvent 
and luminophore mixture). The respective surface porosity is insufficient for this type of 
PSP. A conventional PSP with a transparent binder could serve as a better approach for 
the optical fiber and 3D printer material, similar to the conventional model coating 
approach. Due to the optical conductivity of the support material the illumination source 
can be integrated within the model, which would allow a more flexible measurement 
setup. A concept for this kind of PSP mount is shown in Figure 2.6 a). 
Several porous fibers and rods were tested and showed a decent performance in serving 
as PSP support. Due to the porous structure similar results compared to the TLC plate 
could be obtained. Especially a polyethylene (PE) fiber with a diameter of 1.25 mm 
combined with the PtOEP luminophore performed well.  
A porous rod or fiber can be installed on a transparent optical conductive structure as 
shown in two of the concepts in Figure 2.6 b) and c).  
27 
 
All concepts can be manufactured by 3D printing and allow light transmission through 
the transparent structure, by comprising LED mounts on the circumference of the device.  
Concepts a) and b) would allow in-pipe measurements, especially interesting for the 
swirler measurements. 
 
Figure 2.6 PSP mount concepts: a) conventional PSP, b) porous rod c) fiber support 
 
All investigated materials haven’t shown any improvements compared to the TLC plate 
reference, although the porous PE rod and fiber option were promising. Therefore and in 
interest of accuracy, the following setup was employed: 
- Probe structure: TLC strip 
- PSP:   Ru (bpy) dissolved in CH2CL2 (1mg : 5ml respectively) 
- Excitation source: blue LED array consistent out of 3 LEDs 
- Optical filter:  600nm 
This setup provided the best results during this case study and is consequently considered 
for the actual swirler measurements. 
A full test matrix for this case study can be found in the Appendix of this document.  
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2.2 Experimental Setup 
 
The experimental setup for this work is based on a previous project investigating the 
velocity profile introduced by a CVP-swirler within a pipe flow. This existing setup was 
modified in order to simulate a hybrid rocket chamber consisting out of a single 
cylindrical fuel grain. Figure 2.7 shows a drafting of the experimental setup. 
 
Figure 2.7 Experimental Setup (dimensions in mm) 
 
The oxidizer flow is simulated by an air flow, provided by a commercial leaf-blower, and 
is conditioned by a screen to ensure a uniform velocity distribution within the pipe. After 
passing the screen section the main flow enters the swirler section and a counter-rotating 
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vortex pair is induced. The modified flow subsequently enters a nitrogen injection 
assembly. 
 
Figure 2.8 Nitrogen injection assembly 
 
The fuel mass flow is simulated by a nitrogen gas flow, which is entering the main pipe 
radially through a porous pipe section. In order to create a uniform nitrogen distribution 
within the surrounding manifold, two taps were installed to provide the nitrogen flow a 
passage to 8 injection holes, which are tangentially alternating orientated to avoid jet 
influences on the porous tube surface. A flowmeter between a nitrogen tank and the 
injection assembly allows a flow regulation and, combined with a power regulator on the 
blower, the establishment of an oxidizer to fuel ratio for the experiment. A schematic of 
the nitrogen injection assembly is given in Figure 2.8. 
To measure the nitrogen concentration of the resulting pipe flow, a PSP-probe is fixed at 
the exit of the pipe assembly (6 diameters downstream of swirler exit plane). All 
measurements were taken using Ruthenium as luminophore and a 8 mm wide TLC-plate 
strip as probe structure. The excitation source was chosen to be a blue LED array, 
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consisting out of 3 single diodes installed in a lens-compartment. In order to filter the 
emission wavelength of the paint from the ambient light spectrum, a 600nm filter was 
fixed in front of the camera setup. 
  
Figure 2.9 Measurement plane setup and flange modification (dimensions in mm) 
 
To be able to investigate the nitrogen concentration over the whole pipe exit cross-section 
with a fixed vertical probe position, the swirler needed to be mounted flexible within the 
setup. The objective was to create a 90deg rotational degree of freedom in order to 
compose an approximate image of the nitrogen concentration distribution with 3 
measurement planes. For this attempt a symmetric flow assumption for the 45 deg plane 
was made about the vertical axis. An existing flange was modified with a pocket to create 
a slot for the swirler integration. The pocket geometry creates the desired rotational 
freedom for the swirler and enables fast exchanges of the swirler model between 
measurements.   
Figure 2.9 shows a schematic of the used measurement plane setup and the associated 
flange modification.  
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Once the nitrogen concentration along the three planes is determined, one can interpolate 
between the planes to compute an approximated nitrogen concentration distribution over 
the entire pipe cross-section. For the linear interpolation the cross-section is divided into 
eight 45 deg slices and the vertical distance from the pipe centerline is rewritten as radius. 
An exemplary interpolation relationship is given in equation (8): 
[ ] , = ℎ � − ( ℎ � + ) ∗ 4  (8) 
For < <   and  < < . 
The swirler position within the experimental setup is changed with a small lever, which 
also enables the installation and removal of the swirler from the slot. The measurement 
positions and exemplary nitrogen concentration distributions are shown in Figure 2.10. 
 




Figure 2.11 depicts the resulting experimental setup in Purdue University’s Aerospace 
Sciences Laboratory. 
 







To obtain the necessary Stern-Volmer equation coefficients, each measurement series 
need to include two calibration images. The used digital camera is operated with an ISO 
200 setting. A calibration image sets the white balance of the camera, since a blue LED 
setup and a 600nm filter is used. The shutter time for each measurement image is set to 
1s, which allows to determine an average of the emission intensity. For both reference 
images the swirler is substituted by a ring insert, which simulates a normal pipe flow 
without any obstacles in the flow path. A copper pipe with a 1cm inner diameter 
connected to a nitrogen tank is placed above the pipe assembly exit to provide an 
approximately 100 % nitrogen flow for the calibration process. Figure 2.12 shows a 
schematic of the calibration setup. 
 
 




The first reference image is taken with the blower operating, such as the exit section of 
the probe is situated in the mean velocity environment. This procedure ensures that any 
static pressure differences caused by the velocity field is taken into account, since a 
decrease in static pressure will result in a higher light emission on this probe section. The 
second reference image is taken while the nitrogen jet and the blower is operating. Both 
images are subsequently analysed in MatLab to compute an intesity ratio distribution, 
which is used to determine the Stern-Volmer coefficients and is similar to the decribed 
procedure in subsection 2.1. The following equations define the coefficients for the setup 
shown in Figure 2.12. 
 =  ��� | = ��� =  (9) 
 =  ��� | = − =  (10) 
For the following swirler measurements the determined Stern-Volmer coefficients are: = . 4 = .  
Figure 2.13 shows the emission intensity ratio as function of nitrogen concentration. 
 
Figure 2.13 Stern-Volmer relationship depending on nitrogen concentration 
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This concludes the calibration process. In order to test the setup the experiment is 
conducted with a ring insert. The resulting nitrogen distribution is foreseen as 
symmetrical with a bulk concentration at the pipe walls.  
Figure 2.14 a) depicts 3 measurements of the radial nitrogen concentration within the 
exiting mixture taken in 10 s intervals. The results indicate a good repeatability of the 
measurement technique and agree with the foreseen trend. The presented interpolation 
procedure between the measurement planes then yield the cross-section nitrogen 
distribution shown in Figure 2.14 b). 
 







This section will describe the general measurement procedure applicated on each swirler 
model and list results for significant models. All remaining measurement results are 




The measurement procedure is summarized in Table 2.2. The indicated swirler positions 
are defined in Figure 2.15, where the measurement plane is indicated in red. 






























20 35 50 110 125
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The measurement procedure is started with activating both flows. The primary flow is 
regulated by a power regulator and set to an average air velocity of 3.6 m/s, which results 
in a mass flow of 0.48 kg/min. A flowmeter (Dwyer Instruments Inc., RMB-56-SSV) is 
used to regulate the nitrogen flow, provided by a tank, and set to 130 SCFH (1023 cm3/s) 
which results in a secondary mass flow of 0.077 kg/min. This flow setup simulates a 
single port fuel grain hybrid rocket motor, with an oxidizer to fuel ratio (O/F) of ≈6 and 
an approximate Reynolds number of 10700, based on a 48 mm inner pipe diameter. 
Before the first measurement image is taken, a 20 s delay is provided in order to allow the 
nitrogen to fill the injection manifold completely and ensure a maximum of uniformity 
for the transpiration through the porous pipe. After each measurement image the swirler 
is turned in the respective position and the subsequent measurement image is taken. Once 
the 45 deg plane measurement is taken, the secondary flow is turned off and the 
connection hoses decoupled in order to allow the residue of nitrogen within the manifold 
to exit through the porous pipe. The deconnection of the lines avoid a potential nitrogen 
residue due to underpressure development in the manifold. For this process 60 s delay is 
allowed before the first reference image is taken. The swirler is rotated as indicated in the 
schedule for each reference image and the measurement procedure is concluded once the 
vertical plane reference is obtained and the primary flow turned off. 
At the conclusion of this work a difference in theoretical and measured total nitrogen 
concentration within the exiting flow was noticed. This difference could result from a 
lower nitrogen flow rate from the nitrogen injection assembly into the main flow path. 
Possible reasons for this difference could be a limitation of the nitrogen flow rate through 
the porous pipe or a leak within the injection assembly. The nitrogen flow rate into the 
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injection assembly was consistentently measured with the flowmeter and was set to 130 
SCFH (0.061 m3/min), therefore the mixed flow at the pipe exit should yield a total 
nitrogen concentration of about 81.8 %. However, the measured total flow nitrogen 
concentration was determined as approximately 79.8 %, which indicates an actual lower 
nitrogen mass flow rate of about 0.019 kg/min into the system. The cause for the 
concentration difference could not be determined up to the point of the conclusion of this 






Swirler M1 and M2: 
Swirler M1 was the first model to be tested in the studies conducted by Park. The vanes 
of this swirler are parallel to the flow direction and reach a maximum vane angle of 
45deg at the separation ring between the Rankine-Vortex (RV) and potential flow region 
(PV). The Rankine-Vortex regions include 6 vanes each and the potential regions 10 
respectively.[8] 
 
Figure 2.16 a) N2 distribution and b) inlet view of swirler M1 
 
The measurement shows that the bulk nitrogen concentration is located in the upper 
periphery of the pipe exit. Symmetrical spots form along the 45 deg axes and extent to 
the vertical and horizontal axis (1). The maximum concentration areas are separated by a 
decrease in nitrogen concentration along the vertical axis (2). In the lower periphery of 
the pipe, a higher secondary flow concentration near the wall can be observed (3). In 
addition, the secondary flow concentration along the horizontal axis is decreasing from 
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the wall towards the pipe center (4). Overall, this swirler model shows a non-uniform 
mixing behavior and shifts the major part of the secondary flow to the upper section of 
the pipe. 
Swirler M2 was fabricated to test the influence of the thickness and is otherwise identical 
to M1. The velocity measurements indicated no substantial difference compared to M1. 
Also the experimental setup wouldn’t allow the accommodation of this swirler thickness, 
therefore no measurement of this model was conducted. 
 
Swirler M3: 
This model differs from model 1 and 2 through a non-twist design of the vanes. Therefore 
the initial and exit angle of the vanes are identical. This produces a high blockage within 
the Rankine-Vortex region of the swirler.[8] 
 
Figure 2.17 a) N2 distribution and b) inlet view of swirler M3 
 
The measurement shows a somewhat similar result of the nitrogen distribution. The 
maximum concentration areas are focused along the 45deg axes in the upper half of the 
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pipe (1) and the quadrants show a more developed secondary flow presence compared to 
swirler M1. The concentration decrease between the peaks is less developed compared to 
M1 (2). In addition the overall mixing behavior of this model shows a slightly higher 
penetration of the secondary flow along the vertical axis into the lower section of the pipe 
(3). Secondary flow along the wall in the lower half of the pipe is still apparent but 
smaller in magnitude compared to swirler M1. 
 
Swirler M4 and M5: 
These models include only 2 vanes in each Rankine-Vortex section, compared to 6 vanes 
in the previous models. Swirler M5 also shows an increased radius of the Rankine-Vortex 
section in order to investigate the influence of this parameter. In addition these models 
don’t comprise twisted vanes either.[8] 
 
Figure 2.18 a) N2 distribution and b) inlet view of swirler M5 
 
The measurement shows a bulk nitrogen concentration in the upper periphery of the pipe 
section. A maximum concentration band forms rather than two distinct peak spots (1). 
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Starting from the upper periphery of the pipe, the maximum concentration band is incised 
by a concentration decrease along the vertical axis (2). In addition, concentration 
indentions in the Rankine-Vortex area are observed (3). The secondary flow also shows a 
more distinct penetration into the lower section of the pipe (4). 
 
Swirler M6-M8: 
These swirler models are identical to M4 except for the following modifications: swirler 
M6 includes a modified vane spacing on the upper and lower periphery of the device to 
address non-uniformity issues in the axial velocity distribution. Swirler M7 comprises the 
modification of M6 and was designed to investigate a smaller Rankine-Vortex diameter 
without vanes within this section. Swirler M8 comprises an alternative vane spacing 
modification and a standard sized Rankine-Vortex section without the application of 
vanes over this perimeter.[8] 
 




The measurement for M8 shows two maximum spots in the upper half of the pipe section 
(1), separated by a decrease in concentration along the vertical axis of the plane (2). Here 
the measurement indicates a higher concentration along the wall in the lower half of the 
pipe compared to swirler M5 (3). The peak concentration regions show indentions in 
nitrogen concentration at the Rankine-Vortex sections, similar to swirler M5 (4). The 




This model comprises the vane spacing of M8 and also includes 2 vanes in each Rankine-
Vortex section, to address jet development problems detected in the velocity 
measurement results of Swirler M7 and M8.[8] 
 
Figure 2.20 a) N2 distribution and b) inlet view of swirler M9 
 
The measurement indicates the formation of two maximum concentration peaks, focused 
along the 45 deg axes, in the upper area of the pipe section (1). Similar to the previous 
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models the nitrogen concentration is decreasing from the upper periphery along the 
vertical axis (2). This effect is less developed compared to swirler M8. Furthermore the 
indentions of the peak concentration zones are less perceivable compared to swirler M5 
and M8 (3). The secondary flow can penetrate further into the lower half of the pipe and 
seems to connect to a nitrogen accumulation along the wall of the lower pipe section (4). 
 
Swirler M10: 
This model is identical to M9 except for another vane spacing modification on the lower 
side of the device to further optimize the axial velocity distribution.[8]  
 
Figure 2.21 a) N2 distribution and b) inlet view of swirler M10 
 
The measurement shows the development of maximum nitrogen concentration peaks in 
the upper section of the pipe, similar to swirler M9 (1). As for the other models, the 
nitrogen concentration is decreasing along the vertical axis (2). However, the maximum 
concentration areas within the upper quadrants are less developed compared to swirler 
M9. The concentration indentions at the Rankine-Vortex sections are identical to M9 (3). 
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In the lower half of the pipe the secondary flow penetration is comparable to swirler M9, 




The obtained data shows throughout that the tested swirlers can shift the secondary flow 
concentration within a pipe flow. However, the resulting shift focuses most of the 
secondary mass flow within the upper half of the pipe and creates a highly non-uniform 
distribution at the pipe exit. Most models indicate peak concentration regions in the upper 
quadrants focused along the 45 deg axes. In contrast to that, some models develop 
maximum concentration bands in the upper region. In addition all peak concentration 
areas show a contraction in the secondary flow concentration along the vertical axis. 
Due to the linear interpolation method between the three measurement planes, the 
nitrogen concentration distribution can just be seen as a qualitative evaluation of the 
measurement performance of the investigated swirlers. Furthermore the provided mixing 
section length with an L/D ratio of 6 tends to be too short to allow a complete stirring of 
both flow components. 
The following chapter will compare the concentration measurements with the velocity 
measurement obtained by Park. Subsequently a theoretic mixing model based on Park’s 
CVP potential flow model will be compared with the mixing measurements in order to 
explain the obtained results. 
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CHAPTER 3. ANALYSIS AND VELOCITY MEASUREMENT COMPARISON 
In this chapter the concentration measurement results are compared to the velocity 
measurements taken by Park.[8] In an attempt to better visualize the mixing process, the 
obtained nitrogen concentration results are subsequently compared with a potential flow 
based mixing model. 
Not all swirler models are included in this comparison in interest of brevity. All 




3.1 Velocity Measurement Comparison 
 
The in section 2.4.2 presented concentration measurements at the pipe exit, indicate that 
the secondary flow is indeed shifted within the pipe. All results show that the bulk 
nitrogen flow cumulates in the upper periphery of the pipe, with concentration maxima 
centered in the upper quadrants. The form of the nitrogen concentration maxima and the 
propagation length within the lower half of the pipe differs between the models. In an 
attempt to explain these differences the following paragraphs will compare the nitrogen 
concentration measurements with Park’s velocity measurements [8].  
Park’s velocity measurements were taken 1.25 cm (0.η”) downstream of the swirler exit 
plane with a 7-hole probe fixed on a two axes traverse mechanism. The measurement 
mesh consisted out of 20 by 20 positions with a 3.175 mm (0.12η”) step size. The 
obtained velocity component data is non-dimensionalized by the mean swirler inlet 
velocity. A detailed summary of the test campaign and experimental setup can be found 
in reference [8]. 
The intention for using a counter-rotating vortex pair is to enhance the mixing of a 
primary flow and a secondary cross flow in a passage for a potential hybrid rocket 
application. It was expected that the vortex pair would transport fluid from the periphery 
towards the core of the passage. Thus the radially entering secondary flow is stirred with 
the axial main flow, which would result in an improved mixing compared to a non-
swirled main flow case as shown in Figure 2.14. 
Figure 3.1 includes the velocity and concentration measurement results for Swirler M1. 




Figure 3.1 Swirler M1: Measured a) N2 concentration and b)-d) velocity components by 
Park [8] 
 
Swirler M5 generates a stronger stirring motion within the pipe compared to swirler M1, 
which can be observed by comparing the horizontal (b) and vertical (c) velocity 
component results in Figure 3.1 and Figure 3.2. Due to the higher horizontal velocity of 
swirler M5 compared to M1 in the upper periphery of the pipe, more secondary flow is 
transferred to the top of the pipe section, resulting in the maximum concentration band 




Figure 3.2 Swirler M5: Measured a) N2 concentration and b)-d) velocity components by 
Park [8]  
 
The stronger vertical downwash of swirler M5, compared to swirler M1, in the central 
portion of the pipe leads to a further transport of the secondary flow along the vertical 
axis into the lower half of the pipe (2). Furthermore swirler M5 develops a stronger 
upward transferring motion along the wall, due to the higher transverse velocity 
components compared to swirler M1. Therefore the concentration measurement for 
swirler M1 indicates a higher concentration of remaining secondary flow along the wall 
in the lower periphery of the pipe, compared to swirler M5 (3). The concentration 
measurement of swirler M5 also indicates that the overall transport of secondary flow 
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towards the core is more progressed compared to swirler M1 due to the stronger stirring 
motion, which can be seen in the higher nitrogen concentration along the horizontal axis 
(4). The small concentration indention along the horizontal axis of swirler M5 can be a 
result of the Rankine-Vortex section modification for this model. A reduction in vanes 
and a larger diameter for the Rankine-Vortex section leads to axial velocity peaks (Figure 
3.2 d)), which reduces the nitrogen concentration in that area (4). 
 
Figure 3.3 Swirler M8: Measured a) N2 concentration and b)-d) velocity components by 
Park [8]  
 
Figure 3.3 depicts the nitrogen concentration and velocity measurements for swirler M8. 
The horizontal velocity magnitude of swirler M8 in the upper half of the pipe is weaker 
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compared to swirler M5. The transverse velocity measurements also indicate a larger 
stagnation zone at the top of the pipe, compared to swirler M5. These effects lead to more 
distinct concentration maxima within the upper quadrants similar to swirler M1 (1), since 
lesser secondary flow is transported to the top of the pipe. Swirler M8 generates a weaker 
downwash in the center portion of the pipe compared to swirler M5, which results in a 
stronger concentration reduction along the vertical axis and a shorter secondary flow 
propagation within the lower half of the pipe (2). The upward directed motion generated 
by swirler M8 along the wall within the lower half of the pipe is similar to that of swirler 
M5, which leads to a similar secondary flow distribution along the lower wall of the pipe 
(3). The Rankine-Vortex sections for swirler M8 don’t comprise vanes, which results in a 
main flow jet development through these sections. This process can be observed in Figure 
3.3 d), where the axial velocity measurement shows two maxima in the Rankine-Vortex 
regions. Therefore the nitrogen concentration reduction (4) located at these positions can 
be connected to the formation of the air jets. The lower transverse velocities for swirler 
M8 can be related to the jet formation as well. Due to the increase in axial velocity the 
transverse components are decreasing as a result of the energy balance between the 
velocity components. 
The measurement results of Swirler M9 are shown in Figure 3.4. This model generates 
stronger horizontal motion in the upper half of the pipe compared to swirler M8. Thus 
more secondary flow is transported to the top of the pipe, which leads to less distinct 
concentration maxima compared to swirler M8 in the upper quadrants of the pipe (1). The 
strong downwash, generated by this model, can transport more secondary flow from the 
top towards the lower half of the pipe, which leads to a higher nitrogen concentration 
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within the lower quadrants compared to the previous models (2). The nitrogen 
concentration in the lower half of the pipe and along the lower wall (3) is slightly higher 
compared to the previous models, which could result out of the stronger transverse 
velocity components induced by swirler M9 in the lower half of the pipe. The indention 
along the horizontal axis (4) are related to the axial velocity peaks within the Rankine-
Vortex areas, as indicated by the measurements in Figure 3.4 d). 
 
Figure 3.4 Swirler M9: Measured a) N2 concentration and b)-d) velocity components by 
Park [8] 
 
Swirler design M9 was found to create the desired velocity field predicted by the 
potential flow model, therefore Park’s studies focused on further optimization of this 
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model. For the swirler M9 and M10, Park investigated the velocity field introduced by 
the swirlers 1 diameter downstream of the swirler exit plane within a pipe section. In 
addition to the change of the setup, the survey mesh was modified to a smaller step size 
of 1.59 mm (0.062η”), hence the resolution of the data is more detailed than for the above 
analyzed models.[8] 
 
Figure 3.5 Swirler M9: Measured a) N2 concentration at pipe exit and b)-d) in-pipe 
velocity components by Park [8] 
 
The in-pipe measurements are more suitable for the concentration-velocity field 
comparison than the measurements taken upon a jet, injected into ambient air, since the 
jet measurements are distorted by the entrainment of surrounding low-energy air and 
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other turbulent jet mixing effects. The conditions within the pipe influence the mixing 
result, hence this data can be used more effectively in order to find a relationship between 
the velocity field and the mixing performance of the swirlers. Figure 3.5 shows the in-
pipe velocity measurements of swirler M9 which will serve as reference for the 
comparison with swirler M10. The effect of turbulent mixing, present in the previous 
measurement survey, results in a rapid degradation of the velocity field due to the 
entrainment and momentum exchange with the surrounding air. The degradation of the 
velocity field is especially prominent at the top of the pipe in the previous measurements. 
As result of the CVP flow field, the swirling jet is actively entraining ambient air at that 
point, which leads to the more distinct transverse velocity fields in the lower quadrants 
compared to the upper ones.  
The in-pipe velocity measurements can fully capture the swirling flow field. Therefore 
the obtained velocity fields show a more symmetric flow field about the horizontal axis. 
Figure 3.6 depicts the velocity and concentration measurements of swirler M10. This 
model comprised a modified vane arrangement in the upper periphery of the device. This 
modification leads to a slightly lower horizontal velocity in the upper half of the pipe 
compared to swirler M9. Therefore less secondary flow is transported to the top of the 
pipe and more distinct concentration maxima in the upper quadrants form (1). Except for 
this difference, the resulting nitrogen concentration at the pipe exit is somewhat similar 
for swirler M9 and M10. 
Swirler M10 is the optimized result of Park’s study. This device generates strong 
transverse velocity regions over the cross section and the most uniform axial velocity 
distribution compared to the other models. However in terms of the mixing performance, 
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swirler M9 generates a slightly better result, due to the more even distribution within the 
upper half of the pipe. 
 
Figure 3.6 Swirler M10: Measured a) N2 concentration at pipe exit and b)-d) in-pipe 
velocity components by Park [8] 
 
In conclusion of this analysis it can be observed that the introduction of a counter-rotating 
vortex pair does shift a radially entering secondary flow and creates the desired mixing 
behavior. Due to the limited mixing length of the experimental setup the mixing is 
incomplete at the pipe exit and shows similar nitrogen distributions over the cross-section 
with maxima in the upper periphery. Changes in magnitude of the transverse velocity 
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components influences the mixing development significantly as described in the 
comparison. 
The following subsection will try to investigate the mixing length issue, in order to 
estimate the necessary mixing length to obtain a completely stirred flow within the cross-
section. 
 
3.2 CVP Swirler Mixing Length Analysis 
 
The obtained concentration measurements suggest that the bulk nitrogen concentration is 
located in the upper periphery of the pipe. It is expected that the experimental setup 
doesn’t provide a sufficient mixing length and thus the secondary flow stirring isn’t 
complete at the measurement plane. A potential flow model was developed, based on 
Park’s CVP model [8], in order to simulate the near wall fluid particle movement, to 
estimate the necessary mixing length for a complete stirred flow within the pipe. 
The Milne-Thomson’s Circle Theorem simulates a circle within a potential flow field and 
is used in the CVP flow field to describe the presence of the pipe wall. The general 
complex potential with the Milne-Thomson theorem application can be written as: 
 F = f z + f̅ az  (11) 
Where  is the complex flow potential of interest,  the circle radius and = + � . 
The CVP flow field complex potential is then computed by: 
 � = �Г [log z − z − log z − z − log z − a̅ + log − ̅ ] (12) 
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Where Park assumes identical circulation strength Γ and the vortex center locations are 
described by and . The two additional terms describe the image vortices outside of 
the circle. Their presence establish the flow tangency along the circle by interacting with 
the CVP flow field within the pipe. The complex velocity potential is then obtained by: 
 W = dFdz = ∂F∂x =  ∂Φ∂x + � ∂ψ∂x = u − �v = iГπ [− z−z   + z−a�̅̅̅̅ + z−z − z−a�̅̅̅̅ ]  (13) 
One can extract the velocity components out of the complex velocity potential and 
describe the CVP flow field completely. To avoid unbounded velocities around the center 
of each vortex, Park superimposed a Rankine-Vortex at each potential vortex location. 
The tangential velocity of a Rankine-Vortex is formulated as: 
 v = Гr




Where  �� is the Rankine-Vortex radius and  can be computed by: 
 r = √ x − x + y − y  (16) 
Where  and  describe the origin of the vortex, which is identical with the potential 
vortex positions. The velocity components can be determined by: 
 u = −v sin  v = v cos  (17) (18) 
Where Θ describes the vector angle and can be computed by: 
 = tan− −−  (19) 
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The two vortices interact with each other and shift their position within the pipe due to 
the induced motion from the opponent vortex. In order to estimate this flow field change 
while traveling through the pipe with the mean axial velocity one can calculate the 
velocity components at the current vortex center position and compute the movement 
during a 0.1 ms time step. It was found that a further reduction of the step size leads to 
similar pathlines, thus in interest of the computation time the chosen time step is 
sufficient for this model. Using the velocity components obtained from the complex 
velocity potential of the opponent vortex, one can estimate the vortex movement by: 
For vortex 1: = − + − ∗  = − + − ∗  (20) (21) 
Where  and  are the current velocity components at the position of vortex 1 induced 
by vortex 2. Once the new position of each vortex is known a new flow field can be 
computed and combined with the mean axial velocity, particle flow paths can be 
evaluated.  
All concentration measurements were taken with a mean axial velocity ( ) of 3.58 m/s. 
The mixing length is approximately 0.21 m, beginning with the porous pipe section and 
ending at the pipe exit. Thus the necessary time to travel the mixing length distance is 
approximately 0.06 s. In order to match the potential model with the mixer behavior, one 




That magnitude is estimated by the non-dimensional tangential velocity ratio: 
 
�, = ∗ (| �, | + | �, |)  (22) 
Where  and  can be obtained from Park’s velocity measurements and define 
the non-dimensionalized maximum and minimum transverse velocity respectively. Once 
�,  is computed the circulation strength for the potential model can be calculated. 
Park’s CVP design introduces the maximum rotational components at the Rankine-
Vortex section boundary. Using this information we can estimate the circulation by: 
 Γ ≈ ∗ �� ∗ ∗ �,  (23) 
Park calculated the theoretical circulation strength based on the maximum vane angle �  at the boundary between the Rankine-Vortex and potential vortex region. With that 
information we can calculate the theoretical circulation strength introduced by the swirler 
by: 
 Γ ℎ ≈ ∗ �� ∗ ∗ tan �  (24) 
Assuming the flow is attached and tangential to the vane shape at the swirler exit Park 
approximates the theoretical maximal rotational velocity component by: 
 �, ℎ = ∗ tan �  (25) 
For the following comparison four fluid particle trajectories are computed, originating 
from the near wall area (wall distance ≅ 0.7 mm). This approach simulates the mixing 
process of the radial entering secondary flow into the main flow.  
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Swirler M1 generates a �,  value of 0.79. The respective particle trajectories are shown 
in Figure 3.7. 
 
Figure 3.7 a) fluid pathlines and b) nitrogen concentration distribution of swirler M1 
 
It can be observed that the majority of the flow particles are located in the upper 
periphery of the pipe at the exit time (t=0.7s), which suggests that the bulk secondary 
flow concentration is located in the upper pipe section. This prediction is consistent with 
the measurement results for swirler M1, since the nitrogen concentration from the top 
towards the center of the pipe is rapidly decreasing and the secondary flow is hardly 
propagating into the lower half of the pipe (2). The velocity measurements in Figure 3.1 
for this model also indicate a large stagnation zone at the top of the pipe. Since potential 
flow cannot simulate viscous effects, the redirection of the fluid particles from the top of 
the pipe towards the core starts earlier than predicted by the mixing model. That can 
result in the secondary flow concentration maxima, located in the upper quadrants 
focused along the 45deg and 135deg axes (1). 
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Swirler M9 develops a �,  value of 0.89. The observer can notice in Figure 3.8 a further 
penetration of the fluid particles into the lower half of the pipe at the exit time, caused by 
the increased downwash in the central portion of the pipe as indicated in the velocity 
measurements in Figure 3.4.  
 
Figure 3.8 a) fluid pathlines and b) nitrogen concentration distribution of swirler M9 
 
Therefore the secondary flow can propagate further from the upper periphery into the 
lower half of the pipe (2). The velocity measurements in Figure 3.4 also show higher 
horizontal velocities in the upper half of the pipe and a less developed stagnation zone, 
which results in more secondary flow transport towards the top of the pipe, as indicated 
by the concentration measurement (1). 
Table 3.1 tangential velocity and circulation of swirler M1 and M9 
Swirler 
Model 
Γm Γth vΘ,m*c vΘ,th 
[mm2/s] [mm2/s] [mm/s] [mm/s] 
M1 104240 131950 2765 3500 




Table 3.1 summarizes the calculated theoretical and measured circulation strength and 
tangential velocity components, in order to compare the results. Due to the assumption of 
inviscid flow in a potential flow model the theoretical circulation strength and tangential 
velocity are over estimated compared to the measured values. However, as the swirler 
design is optimized from M1 to M9 the induced swirl strength is increased and the 
measured values propagate towards the theoretical values.  
It is important to notice that the nitrogen injection is limited to the porous tube section. 
Thus the last injected nitrogen is moving upwards along the wall while traveling 
downstream in the remaining passage, which results in the absence of secondary flow 
along the lower wall for the majority of the investigated swirlers. 
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CHAPTER 4. ALTERNATIVE SWIRLER CONCEPTS 
This chapter will describe several alternative approaches to establish a mixing enhancing 
flow field within a pipe. The CVP flow field could be beneficial for general mixing 
applications. However, the CVP swirler application in a hybrid rocket motor could cause 
some issues. Due to the asymmetry of the induced velocity field the convective heat 
transfer along the circumference will be effected. This could lead to potential issues with 
an uneven regression rate over the circumference of the port. Therefore hot-fire tests of a 
CVP swirler combined with a circular grain need to be conducted in order to investigate 
this potential issue. 
The following swirler concepts will use streamwise vorticity as major mixing enhancing 
process but will comprise different producing methods in order to reduce blockage and 
the potential pressure loss compared to the CVP concept. 
In addition to the presented cross-section nitrogen concentration measurements for the 
alternative concepts in this section, single plane measurements compared with the 




4.1 Multiple Counter-Rotating Vortex Pair Mixer 
 
As an attempt to decrease the necessary mixing length to fully stir both flow components 
a multiple CVP swirler (MCVP) concept was investigated. Here the streamwise vorticity 
is induced by vanes which develop tip vortices, similar to wing tip vortices. Figure 4.1 
shows the geometry of this concept.
 
Figure 4.1 MCVP swirler geometry inlet view (dimensions in mm) 
 
The vanes are alternate inclined to the axial flow direction, thus creating an angle of 
attack and develop lift. The pressure difference between both vane sides create an 
overflow at the tip of each vane. The alternate inclination therefore produces 4 counter-




To estimate the circulation produced by the swirler vanes the lifting line theory with a 
single horseshoe vortex model is used and the following assumptions are made: 
- Flow is steady, incompressible and inviscid 
- Elliptical lift distribution over vane 
- Rectangular vane layout 
- Vane geometry approximated by a flat plate 





� = � + �  
� = Γ∞ + ��=  






�  describes the geometric angle along the y axis of the vane which is comprised by 
the effective angle of attack �  and the induced downwash angle �  generated by the 
trailing vortex.  and Γ  define the local chord length and circulation at the 
respective y position. ∞ sets the free stream velocity for the configuration. 
 describes the lift slope and is assumed by Helmbold’s equation for wings with small 
aspect ratios (AR): 
 
 
With AR defined as: 
= √ + +  





Where =  describes the lift slope for a thin airfoil shape and  is the vane plane 
area and  the span of the vane.  
Since the vane shape is assumed to be flat plate ��=  is 0. The chord length of the 
system is constant over the span and the circulation distribution is assumed to be 
elliptical, which can be described by: 
 Γ = Γ √ − ( )  (30) 
The derivative of the spanwise distribution is then: 
 
Γ = − 4Γ √ − 4  (31) 
Combining eq. (31) with eq. (28) we can rewrite the induced angle of attack relation as: 
 
� = − Γ∞ ∫ − √ − 4/− /  (32) 
This Integral can be solved by using Glauert’s Integral relation. For that we need to 
transform the Cartesian into Polar coordinates using following relations: 
 
= cos Θ  





Substituting these relations into eq. (32) and rearranging terms gives: 




Glauert’s Integral is defined as: 
 ∫ cos Θcos Θ − cos Θ dΘ� = sin Θsin Θ   = , , … (36) 
Using Glauret’s Integral the induced angle �  can be calculated for this particular case as: 
 � = Γ ∞ (37) 
Substituting eq. (37) and eq. (27) into eq. (26) and evaluating the expression at the vane 
root one can calculate the needed circulation by: 
 Γ � = ∞�+ 4� � = ∞�+ 4 ��  (38) 
Where �  and �  are dependent on the geometric angle of attack since: 
 = cos �  (39) 
Here  is the swirler thickness. The concept design comprises 8 mm vanes with an angle 
of attack of 15 deg and a freestream velocity of 3500 mm/s. The estimated circulation 
introduced by each vane is calculated to be 4820 mm2/s. Figure 4.2 shows the 
development of Γ , �  and � . 
 
Figure 4.2 a) Γ0, b) AR(α) and c) a(α) development for MCVP swirler 
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The potential model for the CVP swirler is modified to simulate the MCVP swirler 
accordingly. 
Eight potential vortices with alternate rotation and equal circulation strength are placed 
within the cross-section with a radial distance of 16 mm form the center. The calculated 
circulation strength is used to match the model to the concept geometry. The resulting 
flow field is shown in Figure 4.3. 
As indicated by the potential flow model a pair of vanes induce alternate sections of 
motion directed towards the wall (1) or center (2) respectively. Due to the relatively weak 
vortex strength and the symmetry of the vortex distribution, the penetration of the 
swirling motion cannot reach the core. 
 
Figure 4.3 Potential MCVP model velocity field a) U and b) V component 
 
Nevertheless a test part was fabricated using 3D-printer technology in order to validate 
the mixing performance of this concept. The reference case for the following comparison 
is a concentration measurement taken upon the ring insert described in subsection 2.3. 
This case simulates diffusion mixing of the radial entering secondary flow with the axial 
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main flow within a pipe. The resulting bulk nitrogen concentration is equally distributed 
in the near wall area leaving the core flow unmixed, as shown in Figure 4.4. 
 
Figure 4.4 a) Nitrogen concentration distribution obtained by ring insert b) 
 
The MCVP mixer nitrogen concentration measurement result and the potential model 
prediction is shown in Figure 4.5. The observer can notice that the unmixed core area is 
reduced compared to the reference indicating a more rapid mixing within the pipe. The 
mixed flow area near the wall is increased combined with a decrease in the peak 
concentration along the circumference. The secondary flow penetrates further towards the 
core along horizontal and vertical axis (1).  
The potential mixing model predicts a near wall fluid propagation towards the pipe center 
as foreseen from the velocity field analysis. The fluid particle pathline suggest a more 
broaden nitrogen distribution at the core directed motion fields (Figure 4.3 (2)) and 
estimates a radial concentration shift towards the center in these areas. In the 
concentration measurement a similar behavior is observed (Figure 4.5 (1)). Furthermore 
70 
 
the wall directed motion fields redirect the secondary flow towards the horizontal and 
vertical axis, which can be observed in the upper quadrants in the measurement (2). 
 
Figure 4.5 a) N2 concentration distribution and b) fluid pathlines of MCVP swirler 
 
In order to evaluate the performance improvement compared to a non-swirler application 
the non-mixed core area is analyzed. Using the developed MatLab code and the 
calculated results one can estimate the unmixed area by evaluating the concentration 
distribution. For this approach the flow is defined as unmixed once the nitrogen 
concentration drops under 79.5%, to take concentration fluctuations and the qualitative 
nature of the measurements into account.  
This limit can be found from the calculated nitrogen distribution and is shown as inner 




The unmixed area is estimated by calculating a mean limit radius by: 
 = + + − + ℎ+ + ℎ−4  (40) 
The unmixed area is then related to a mixing efficiency through the following expression: 
 
Where 
= −  
= ∗  (41) (42) 
 
 
Figure 4.6 a) ring insert and b) MCVP unmixed core area 
 
The results for these calculations are summarized in The MCVP swirler increases the 
mixing efficiency within the pipe about 8% on the investigated mixing length. The 
potential mixing model predicts a further propagation of the secondary flow until 0.15s 
and suggested a somewhat more stirred flow, compared to the measured case. Flow 
separation along the vanes could introduce a total pressure loss to the system, which 
needs to be evaluated in future projects. 
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Table 4.1. The MCVP swirler increases the mixing efficiency within the pipe about 8% 
on the investigated mixing length. The potential mixing model predicts a further 
propagation of the secondary flow until 0.15s and suggested a somewhat more stirred 
flow, compared to the measured case. Flow separation along the vanes could introduce a 
total pressure loss to the system, which needs to be evaluated in future projects. 





rv+ 15.15 12.8 
[mm] 
rv- 13.4 12.6 
rh+ 13.3 11.9 
rh- 14.6 13.7 
rlimit 14.1 12.8 
Aunmixed 626 511 [mm
2] 
mix 0.65 0.72 [-] 
 
The flow field introduced by this swirler is however more uniform compared to the CVP 
swirler and would potentially produce a more uniform grain regression along the 
circumference of the port. In order to validate these prediction a high capacity flow 
experiment and burn tests with DMLS fabricated swirler models needs to be conducted in 
a future project. The vane setup of this swirler might lead to structural issues in an actual 
application within a hybrid rocket, due to higher injection velocities and therefore higher 
loads on the vanes. 




Figure 4.7 TMCVP swirler geometry inlet view (dimensions in mm) 
 
This swirler comprises out of 8 triangle obstacles which introduce eight counter-rotating 
vortex pairs. This design was fabricated in the Artisan Fabrication Laboratory located in 
Purdue Universities Armstrong Hall of Engineering and is called TMCVP swirler in the 
following passages. The TMCVP swirler was manufactured from an aluminum alloy by 
CNC-milling in an earlier project phase. The obstacle length is 8mm and the side angle to 
the pipe axis is 18 deg. 
With these parameters the estimated circulation produced by each side of the obstacles 
results in 5795 mm2/s. The potential model is modified for this design and 16 equally 
strong potential vortices with alternate rotation are distributed accordingly with a radial 
distance of 16mm from the center. The angle spacing between each pair is 45 deg with a 
separating angle of 18 deg from each obstacle symmetry line. The resulting potential 




Figure 4.8 Potential TMCVP model velocity field a) U and b) V component 
 
The potential velocity field shows stronger sections of wall directed motion (1) compared 
to the center driving areas (2). This results out of the swirler geometry since the vortices, 
shed from each triangle obstacle, are spatially closer to each other compared to the pairs 
producing the center directed motion fields. 
 




Figure 4.9 shows the measurement result and the mixing prediction of the potential 
model. The bulk nitrogen concentration layer along the circumference broadened 
compared to the reference case. The mixing model predicts that the secondary flow 
propagates further towards the core along the vertical and horizontal axis. As the 
concentration measurements indicate, the secondary flow concentration is indeed broader 
along both principle axes (1). In contrast to that the mixing model predicts a lesser 
penetration along the diagonal axes, which is also observed in the measurements (2). This 
behavior results out of the velocity field, which indicates strong downwash regions 
(Figure 4.8 (3)) and upwash regions (Figure 4.8 (4)) in the top and bottom of the 
periphery, which transport the secondary flow further towards the core. The same 
behavior can be observed along the horizontal axis with strong center directed motion 
fields surrounding the triangle obstacle (Figure 4.8 (2)). These sections benefit from each 
diagonal triangle obstacle (indicated in Figure 4.7), which reinforces the core directed 
motion on each side. Along the diagonal axes the flow is directed towards the wall, due to 
the vortex pair shed by the diagonal triangle obstacle which results in a smaller secondary 
flow penetration in these areas (Figure 4.9 (2)).  





rv+ 15.15 12.9 
[mm] 
rv- 13.4 13.4 
rh+ 13.3 12.3 
rh- 14.6 12.2 
rlimit 14.1 12.7 
Aunmixed 626 507 [mm
2] 
mix 0.65 0.720 [-] 
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Another interesting behavior can be observed for the vortex position as the fluids travels 
downstream from the swirler. Figure 4.10 depicts the vortex center pathlines for both 
investigated swirler concepts. The mixing model predicts that the vortices for both cases 
travel within a circular zone with a certain width (indicated as red circles). The TMCVP 
concept vortices travel faster within this zone, due to the smaller distance between each 
pair. However, the secondary flow could potentially be kept from propagating towards 
the core by these vortex zones. 
The vortex zone could form a border between the core and the radially entering 
secondary flow, which would enable more efficient mixing in the vortex zone but prevent 
a further propagation of the secondary flow towards the core.  
 
Figure 4.10 Vortex center pathlines for a) MCVP and b) TMCVP swirler 
 
Both concepts enhance the mixing of the two flows compared to the diffusion mixing 
reference case. The observations indicate that the CVPs introduced by the vanes and 
triangle obstacles swirl the incoming main flow and effectively stir both components in 
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the subsequent pipe section. Thus an improved mixing zone develops in a band from the 
wall to a certain radial distance from the pipe center.  
The propagation of the mixing zone towards the core is limited by the vortex zone 
position. In addition the symmetry of the flow field compensates the induced rotational 
velocity in the core.  
Therefore the MCVP and TMCVP concepts cannot prevent an unmixed core area but 
could significantly elevate the performance of a hybrid rocket motor compared to a 
conventional head end injection method, due to the increased mixing zone along the 




4.2 Double Counter-Rotating Vortex Pair Mixer 
 
This subsection will discuss a modification of Park’s CVP concept. Due to the vertical 
asymmetry of the CVP flow field, the secondary flow distribution is first redirected 
upwards, passes the upper stagnation region and propagates downward along the vertical 
axis until a full stir circle is completed. This results in an estimated necessary mixing 
length ratio (L/D) of 10 to achieve a complete mixing within the pipe. This length could 
be decreased by introducing two counter-rotating vortex pairs into the main flow path. 
With this method four vortex quadrants would be formed and the described CVP stir 
effect is mirrored about the horizontal axis, as shown in Figure 4.11. This swirler concept 
will be called DCVP in the following paragraphs.  
 
Figure 4.11 DCVP streamline visualization 
 
Instead of using Park’s multi-vane approach the MCVP philosophy is applied in order to 
reduce the pressure loss introduced by the swirler, due to blockage and wake 
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development. Therefore this swirler introduces four vanes with alternate inclinations to 
the main flow path.  
 
Figure 4.12 DCVP swirler geometry inlet view (dimensions in mm) 
 
Figure 4.12 shows the chosen geometry for the DCVP concept. A potential flow model 
was created in order to find the needed circulation strength for the vortices to generate 
enough stirring motion for each quadrant. Therefore an iterative process was needed in 
combination with the described circulation calculation model. A somewhat reasonable 
compromise between aerodynamic configuration and circulation strength was found with 
a 15 mm vane length and 40 deg angle of attack. This configuration will most likely 
generate stall due to the high angle of attack and the lifting line theory assumptions don’t 
hold for this case. Nevertheless, the MCVP model was 3D printed and tested in order to 
investigate its performance.  
The potential flow model is comprised out of 4 equally strong vortices with alternate 
rotation directions and located on a circle with a diameter of 30 mm. The angular spacing 
between each vortex is 45 deg. The circulation calculation estimates a circulation strength 
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of 22400 mm2/s for each vane shed vortex. Figure 4.13 shows the resulting potential 
velocity field of the DCVP configuration. 
 
Figure 4.13 Potential DCVP model velocity field a) U and b) V component 
 
The potential flow field indicates the two predicted major motion sections. The near wall 
media is transported towards the core from the upper and lower periphery, by the down- 
and upwash regions which are centered along the vertical axis (1). A central stagnation 
region redirects the flow along the horizontal axis, where the vortices drive the flow 
towards the wall (2). Another stagnation region forms on the left and right side of the 
pipe and the flow turns again to conclude a stir loop. 
The measurement result for the DCVP swirler, shown in Figure 4.14, indicate a 
transformation of the unmixed core area from a circle to an ellipse shape. One can notice 
the enhanced entrainment along the diagonal axes of the pipe (1) and less developed 
mixing zones along the horizontal and vertical axis (2).  
The mixing model predicts a similar behavior, with a more prominent entrainment along 
the diagonal axes and a secondary flow shifting from the horizontal axis along the wall 
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towards the upper and lower periphery. The more prominent entrainment along the 
diagonal axes can be related to the upper and lower stagnation zone, which are due to 
viscous effects larger than the potential flow model prediction. Therefore the secondary 
flow is redirected along the diagonal axes towards the center, rather than from the top or 
bottom of the pipe. 
  
Figure 4.14 N2 concentration distribution and b) fluid pathlines of DCVP swirler 
 




= ∗ � ∗ � 
� = ℎ+ + ℎ− 





Table 4.3 summarizes the mixing performance of this concept. 
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rv+ 15.15 5.6 
[mm] 
rv- 13.4 5.3 
rh+ 13.3 15.9 





Aunmixed 626 286 [mm
2] 
mix 0.65 0.84 [-] 
 
As the mixing performance results indicate, the DCVP concept shows a major 
improvement of the mixing performance of 19% within the given mixing length. The 
potential mixing model suggests a more rapid mixing compared to the CVP swirlers and 
could potentially reduce the L/D to 8 in order to achieve a complete stirred flow. Another 
major improvement is the complete symmetry of the flow field. This characteristic will 
provide a symmetric grain regression with a minimum in regression rate at the major axes 
due to the stagnation regions. Thus the mass characteristics of the system is maintained 
symmetrical, in contrast to the shift in moment of inertia which a CVP swirler would 
potentially produce during the burn. This would simplify the development of flight 
trajectory models, due to the fixed center of gravity on the port axis. 
Both alternative concepts, the MCVP and TMCVP, show an improvement to the 
diffusion mixing reference about 7%. However, due to the less energetic vortices and the 
compensation of the rotational velocity within the core as well as the described vortex 




CHAPTER 5. FUTURE WORK AND CONCLUSION 
This chapter will provide a summary of the project results and discuss possible future 




In this work the performance of an existing counter-rotating vortex pair mixer was 
investigated. This CVP mixer was designed to efficiently stir an in-pipe flow, consisting 
of an axial main flow and radially entering secondary flow. The vortex pair introduced 
into the main flow is meant to efficiently transport near wall medium into the core and 
vice versa. Therefore this mixer would be suitable for an application within a hybrid 
rocket, which is usually characterized with a poor combustion efficiency due to diffusion 
based mixing and boundary layer combustion. The CVP swirler is foreseen to enhance 
the mixing for this kind of flow, due to the introduced stirring motion. In order to validate 
these predictions an experimental setup was developed to allow a full pipe cross-section 
mixing evaluation, based on a pressure-sensitive paint measurement procedure. The 
oxidizer flow was simulated by air, whereas the secondary flow was represented by 
nitrogen entering radially into the main flow path, through a developed nitrogen injection
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section. Hence the resulting setup is emulating a circular grain single port hybrid rocket. 
A material and luminophore study was conducted beforehand to identify a suitable PSP 
support structure for the intended measurement. It was found that the established PSP-
TLC plate combination was producing the best results and was therefore chosen for the 
swirler measurements. As stated in subsection 2.4.1, a difference in the measured and 
theoretical total nitrogen concentration within the exiting flow was noticed. The cause for 
this difference could not be resolved until the completion of this work, but will be further 
investigated in the future. The obtained measurements however can characterize the 
mixing performance of the investigated swirlers compared to the diffusion mixing case, 
which was the objective of this project. 
Several of Park’s developed swirler models were tested during this work. The 
measurement results validated the desired stirring effect introduced by the flow 
perturbation. All models showed a shifting of the secondary flow to the upper periphery 
of the pipe exit, which indicates that the near wall fluid is transferred upwards along the 
wall and redirected downwards towards the center of the pipe, due to the existing CVP 
flow field. However, the existent experimental setup proved to be too short in order to 
allow a complete stirring of the flow at the measurement plane. Park’s velocity 
measurements were analyzed and compared to the mixing behavior of specific swirler 
models and correlations were identified. A mixing model based on Park’s potential flow 
model of the CVP flow field was developed to compare the different swirler mixing 
results based on the rotational velocity magnitude introduced by the specific model. Here 
the rotational velocity to axial velocity ratio influences the mixing result significantly. 
The necessary length to diameter ratio for a complete stirring of the flow was estimated 
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by the mixing model as 10 and a respective experimental setup modification is proposed 
in subsection 5.2 in order to validate the findings of this work. Alternatively the CVP 
swirler geometry could be modified in order to generate a stronger swirling motion 
within the pipe flow. The CVP swirler mixing efficiency for model 1 and 10 is 
approximated and compared to the alternative concepts in Figure 5.1. 
 
Figure 5.1 Mixing efficiency comparison between the investigated concepts 
 
Other streamwise vorticity based swirler concepts were investigated to decrease the 
necessary mixing L/D for this type of application. Multiple counter-rotating vortex pair 
mixers (MCVP) develop their flow field via multiple vanes or triangle shaped prisms 
(TMCVP) to stir the near wall with the core flow. The lifting line theory was used to 
estimate the generated circulation by each vane in order to match the potential mixing 
model to each concept case and enable a comparison between simulation and 
measurement. The MCVP concepts can reduce the unmixed core area about 7% within 




















Concept Mixing Efficiency Comparison
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The increased mixing zone along the wall can be beneficial for the fuel regression rate, 
due to the introduced tangential velocity component along the wall, which enhances the 
heat and mass transfer on the grain surface. 
The DCVP concept comprised four alternate inclined vanes to generate a double counter-
rotating vortex pair flow field. The intention for this concept was to decrease the 
necessary mixing L/D as well as provide a total flow field symmetry to mitigate potential 
combustion issues. The mixing results showed a significant reduction of the unmixed 
core flow of about 19% within the given experimental setup and is therefore a promising 
concept, that should be further investigated in future projects. 
 
5.2 Future Work 
 
The swirler measurements discussed in subsection 2.4.2 and the potential flow mixing 
model in subsection 3.2 indicate that the existing experimental setup cannot provide the 
necessary test section length in order to enable complete mixing at the measurement 
plane. Therefore the setup would need to be modified and the measurements repeated to 
validate the results of this work. 
Figure 5.2 shows that the potential model predicts a total mixing time of approximately 
0.13 s for the CVP swirler M9. Therefore a total mixing length of 0.5 m (
�� ≈  would 
be necessary to allow a complete stirring of the two flow components. Figure 5.3 shows a 




Figure 5.2 Mixing model prediction for complete stirring loop 
 
Due to the increase in total length of the manifold section, the nitrogen injection system 
needs to be modified in order to provide a uniform gas distribution. The one plane 
tangential injection would lead to an uneven mass distribution over the length of the 
manifold. In the proposed design the standard transition pipe sections are exchanged with 
3D printed nitrogen injectors. 
 




These units provide a uniform nitrogen injection into the manifold through evenly spaced 
ports, which are supplied by a variable cross-sectional area channel as indicated in Figure 
5.4. 
The variable channel design maintains a uniform mass flow through the ports, which is 
produced by a 90 deg decreasing flow area starting from the nitrogen connection tap. A 
two-sided installation of these units should provide a uniform flow within the manifold 
and enable an even nitrogen transpiration through the inner porous pipe.  
Another possible modification is a PSP mount to ensure an exact centered probe position 
for each measurement. One limitation of the existing setup is the external PSP probe 
fixture that cannot guarantee an exact reposition, if the probe needs to be exchanged. 
 
 




The proposed mount, shown in Figure 5.5, would provide an integrated fixture in order to 
place the probe along the vertical axis of the pipe setup. In addition a sharp ejection edge 
would create a smooth transition from the jet exit to the ambient air. This design can 
prevent the development of a recirculation zone right at the measurement plane. 
 
Figure 5.5 PSP mount proposal (dimensions in mm) 
 
The DCVP concept should be investigated further in future projects, since the current 
results promise a more uniform mixing performance over the existing mixing length 
compared to the CVP swirlers. The simple geometry of this concepts also provides 
advantages in terms of the introduced pressure loss and manufacturing costs.  
An additional swirler concept could utilize the lobed mixer principle. Here the near wall 
main flow would be redirected into a diffusor section of the swirler, whereas the core is 
accelerated through a convergent section. This section established the necessary velocity 
difference between both flows. A lobed profile section then merges both streams and 
creates the in subsection 1.1 summarized streamwise vorticity to enhance the mixing 




Figure 5.6 Lobed swirler proposal (dimensions in mm) 
 
This concept similar to the MCVP design, could improve the mixing within a hybrid 
rocket chamber with a uniform influence on the fuel grain regression rate due to the more 
uniform and symmetric velocity field over the cross-section. First test of this swirler 
concept showed a similar performance compared to the MCVP design. 
In addition the measurement procedure should get further improved to account for 
velocity magnitude changes over the cross-section of the pipe. 
It is necessary to conduct actual combustion test with the CVP swirler and introduced 
concepts, in order to validate the mixing performance with reacting flow and to analyze 











[1] William Knuth, Daniel Gramer, Martin Chiaverini, and J. Sauer, “Development and 
testing of a vortex-driven, high-regression rate hybrid rocket engine,” in 34th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, 0 vols., American 
Institute of Aeronautics and Astronautics, 1998. 
 
[2] K. K. Kuo and M. Chiaverini, “Challenges of Hybrid Rocket Propulsion in the 21st 
Century,” in Fundamentals of Hybrid Rocket Combustion and Propulsion, 0 vols., 
American Institute of Aeronautics and Astronautics, 2007, pp. 593–638. 
 
[3] D. G. Lilley, “Swirl Flows in Combustion: A Review,” AIAA J., vol. 15, no. 8, pp. 
1063–1078, Aug. 1977. 
 
[4] N. Bellomo, F. Barato, M. Faenza, M. Lazzarin, A. Bettella, and D. Pavarin, 
“Numerical and Experimental Investigation on Vortex Injection in Hybrid Rocket 
Motors,” in 47th AIAA/ASME/SAE/ASEE Joint Propulsion Conference &amp; 
Exhibit, American Institute of Aeronautics and Astronautics, 2011. 
 
[5] N. Bellomo, Martina Faenza, Francesco Barato, Alberto Bettella, Daniele Pavarin, 
and A. Selmo, “The ‘Vortex Reloaded’ project: experimental investigation on fully 
tangential vortex injection in N2O - paraffin hybrid motors,” in 48th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, 0 vols., American 
Institute of Aeronautics and Astronautics, 2012. 
 
[6] William Knuth, Martin Chiaverini, Daniel Gramer, and J. Sauer, “Experimental 
investigation of a vortex-driven high-regression rate hybrid rocket engine,” in 34th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, 0 vols., American 




[7] D. C. McCormick and J. C. ennett, “Vortical and turbulent structure of a lobed mixer 
free shear layer,” AIAA J., vol. 32, no. 9, pp. 1852–1859, Sep. 1994. 
 
[8] J. Park, Development of a counter rotating vortex pair (CVP) mixer for aerospace 
applications. Thesis MSAA--Purdue University, 2013. 
 
[9] D. A. Steen and S. D. Heister, “Computational Simulation of a Counter-Rotating 
Vortex Pair Mixer for Aerospace Applications,” in 50th AIAA/ASME/SAE/ASEE 
Joint Propulsion Conference, American Institute of Aeronautics and Astronautics. 
 
[10] T. Liu and J. P. Sullivan, Pressure and Temperature Sensitive Paints, 2005 
edition. Berlin ; New York: Springer, 2004. 
 
[11] H. Sakaue, Porous pressure sensitive paints for aerodynamic applications. Thesis 
MSE--Purdue University, A&A, DEC, 1999. 
 
[12] J. W. Gregory, K. Asai, M. Kameda, T. Liu, and J. P. Sullivan, “A review of 
pressure-sensitive paint for high-speed and unsteady aerodynamics,” Proc. Inst. 

















The swirler models 4, 6 and 7 were not included in the main part of the document, due to 
structural damages of some vanes. The measurements showed a significant asymmetry 
about the vertical axis. It is assumed that these are related to the vane damages. 
 









































PSP Support Dim. Light Source Filter ISO velocity Re
[-] [-] [mm] [-] [-] [-] [m/s] [-]
Ruthenium TLC 5 UV Lamp No 400 2 1268
Ruthenium TLC 6 UV Lamp No 400 10.9 6912
Ruthenium Cotton String <1 UV Lamp No var. 0.00E+00
Ruthenium Nylon Fiber 2 UV Lamp No var. 0.00E+00






too much noise, 











PSP Support Dim. Light Source Filter ISO velocity Re
[-] [-] [mm] [-] [-] [-] [m/s] [-]
Ruthenium TLC 5 BLUE LED RED 400 11 6.98E+03
Pylam TLC 5 BLUE LED GREEN 400 3.5 2.22E+03
Pylam TLC 5 BLUE LED GREEN 400 11.5 7.29E+03
PtOEP TLC 5 BLUE LED RED 400 4.6 2.92E+03



















Table A.3 Material and luminophore study result matrix III 
 
  
PSP Support Dim. Light Source Filter ISO velocity Re
[-] [-] [mm] [-] [-] [-] [m/s] [-]
Ruthenium Porex Rod 1.5 BLUE LED RED 400 3.5 2.22E+03
Ruthenium Porex Rod 1.5 BLUE LED RED 400 12 7.61E+03
Pylam Porex Rod 1.5 BLUE LED GREEN 400 3.5 2.22E+03
Pylam Porex Rod 1.5 BLUE LED GREEN 400 10.5 6.66E+03




in jet border, low 
delta in Intensity 
Ratio, shape error
no convergence 
in jet border, low 
delta in Intensity 
Ratio, shape error
no convergence 
in jet border, low 




in jet border, low 









PSP Support Dim. Light Source Filter ISO velocity Re
[-] [-] [mm] [-] [-] [-] [m/s] [-]
PtOEP Porex Rod 1.5 BLUE LED RED 400 13 8.24E+03
Ruthenium SLS Probe 2 BLUE LED RED 400 - -
PYLAM SLS Probe 2 BLUE LED RED 400 - -
PtOEP SLS Probe 22 BLUE LED RED 400 - -
Result Comment
no sufficient 
delta in Intensity 
Ratio
no sufficient 








The following MatLab routine was developed to generate the nitrogen concentration 
distribution at the pipe exit plane, based on the described 3 plane method. 

































D=865;%Diameter in pixel 
PD=48;%Pipe Diameter in mm 
scale=D/PD; 
  
CI1 = imcrop(I1,[xc yc dxc dyc]); 
CI2 = imcrop(I2,[xc yc dxc dyc]); 
CI3 = imcrop(I3,[x y dx dy]); 
CI4 = imcrop(I4,[x y dx dy]); 
CI5 = imcrop(I5,[x y dx dy]); 
CI6 = imcrop(I6,[x y dx dy]); 
CI7 = imcrop(I7,[x y dx dy]); 






































    for n=1:(dy+1) 
         
    N2(n,i)=1-Oxref./K2.*(IR(n,i)-K1); 
  
    n=n+1; 
  
    end 
     
    FN2(:,i)=sgolayfilt(N2(:,i),4,101); 
    FIIR(:,i)=sgolayfilt(IR(:,i),4,101); 
     






% % subplot(2,1,1) 
% plot(IR,y) 









title('mean N_2 concentration; 2014/11/20 TLC Ru UV Swirler 3') 
xlabel('mean [N_2]') 
ylabel('pos/pixel') 










for theta=0:dtheta1:theta1 %180 to 135 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=pi-theta; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2(i,2)-(FN2(i,2)-FN2(i,3))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 





for theta=0:dtheta1:theta1 %135 to 90 deg 
     
    i=1; 
    




    Theta(i,n)=Theta(i,n-1)-dtheta1; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2(i,3)-(FN2(i,3)-FN2(i,1))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 





for theta=0:dtheta1:theta1 %90 to 45 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=Theta(i,n-1)-dtheta1; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2(i,1)-(FN2(i,1)-FN2(i,3))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 





for theta=0:dtheta1:theta1 %45 to 0 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=Theta(i,n-1)-dtheta1; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2(i,3)-(FN2(i,3)-FN2((dy+1)-i,2))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 







for theta=0:dtheta1:theta1 %0 to 315 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=Theta(i,n-1)-dtheta1; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2((dy+1)-i,2)-(FN2((dy+1)-i,2)-FN2((dy+1)-i,3))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 





for theta=0:dtheta1:theta1 %315 to 270 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=Theta(i,n-1)-dtheta1; 




    C(i,n)=FN2((dy+1)-i,3)-(FN2((dy+1)-i,3)-FN2((dy+1)-i,1))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 





for theta=0:dtheta1:theta1 %270 to 225 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=Theta(i,n-1)-dtheta1; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2((dy+1)-i,1)-(FN2((dy+1)-i,1)-FN2((dy+1)-i,3))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 





for theta=0:dtheta1:theta1 %225 to 180 deg 
     
    i=1; 
    
    while i<dy/2+1 
    Theta(i,n)=Theta(i,n-1)-dtheta1; 
    rho(i,n)=(dy/2+1)-i; 
    C(i,n)=FN2((dy+1)-i,3)-(FN2((dy+1)-i,3)-FN2(i,2))/theta1*theta; 
    i=i+1; 
    end 
     
    n=n+1; 









press= sprintf('Static Pressure Distribution Swirler M%1.0f',M); 
U= sprintf('U Velocity Component Swirler M%1.0f',M); 
V= sprintf('V Velocity Component Swirler M%1.0f',M); 
W= sprintf('W Velocity Component Swirler M%1.0f',M); 
























The following MatLab code describes the mixing model used for the CVP swirler mixing 
length analysis in subsection 3.2. For the DCVP, MCVP and TMVCP concepts additional 




























     
     
    j=1; 
     
    for x=R:-step:-R 
         
    z=x+1i*y; 
         
    W(i,j)=Gamma*1i/(2*pi)*(-1/(z-z1)+1/(z-z2)+1/(z-a^2/conj(z1))-1/(z-a^2/conj(z2)));                   
    u(i,j)=real(W(i,j))*scale; 
    v(i,j)=-imag(W(i,j))*scale; 
    xp(i,j)=x; 
    yp(i,j)=y; 
     
    if x>0 %Quadrant 1 & 4 
         
    r=sqrt(abs(x-x1)^2+abs(y-y1)^2); 
     
    if r<RV 
         
        vt=GR1*r/(2*pi()*RV^2); 
         
        if y==0 && x-x1>0 
        theta=0; 
        end 
        if y==0 && x-x1<0 
        theta=pi(); 
        end 
        if x-x1>0 && y-y1>0 
        theta=atan(abs(y-y1)/abs(x-x1)); 
        end 
        if x-x1<0 && y-y1>0 
        theta=pi()-atan(abs(y-y1)/abs(x-x1)); 
        end 
        if x-x1<0 && y-y1<0 
        theta=atan(abs(y-y1)/abs(x-x1))+pi(); 
        end 
        if x-x1>0 && y-y1<0 
        theta=2*pi()-atan(abs(y-y1)/abs(x-x1)); 
        end 
        u(i,j)=-vt*sin(theta)*scale; 
        v(i,j)=vt*cos(theta)*scale; 
         
    end 




    else %Quadrant 2 & 3 
         
    r=sqrt(abs(x-x2)^2+abs(y-y2)^2); 
     
    if r<RV 
         
        vt=GR2*r/(2*pi()*RV^2); 
        if y==0 && x-x2>0 
        theta=0; 
        end 
        if y==0 && x-x2<0 
        theta=pi(); 
        end 
        if x-x2>0 && y-y2>0 
        theta=atan(abs(y-y2)/abs(x-x2)); 
        end 
        if x-x2<0 && y-y2>0 
        theta=pi()-atan(abs(y-y2)/abs(x-x2)); 
        end 
        if x-x2<0 && y-y2<0 
        theta=atan(abs(y-y2)/abs(x-x2))+pi(); 
        end 
        if x-x2>0 && y-y2<0 
        theta=2*pi()-atan(abs(y-y2)/abs(x-x2)); 
        end 
        u(i,j)=-vt*sin(theta)*scale; 
        v(i,j)=vt*cos(theta)*scale; 
         
    end 
     
    end 
     
        rbc(i,j)=sqrt(x^2+y^2); 
        U(i,j)=sqrt(u(i,j)^2+v(i,j)^2); 





    u(i,j)=0; 
end 
if isnan(v(i,j)) 
    v(i,j)=0; 
end 
% if abs(v(i,j))>5 
%     v(i,j)=0; 
% end 
% if abs(u(i,j))>5 
%     u(i,j)=0; 
% end  
if rbc(i,j)>=a 
    cp(i,j)=1;  
end 
         
    j=j+1; 
     
    end 
     
    i=i+1; 
































     
    t(i)=t; 
     
    zv1(i-1)=xv1(i-1)+1i*yv1(i-1); 
    zv2(i-1)=xv2(i-1)+1i*yv2(i-1); 
    zf1(i-1)=xf1(i-1)+1i*yf1(i-1); 
    zf2(i-1)=xf2(i-1)+1i*yf2(i-1); 
    zf3(i-1)=xf3(i-1)+1i*yf3(i-1); 
    zf4(i-1)=xf4(i-1)+1i*yf4(i-1); 
     
        f=zf1(i-1); 
    Wf=Gamma*1i/(2*pi)*(-1/(f-z1)+1/(f-z2)+1/(f-a^2/conj(z1))-1/(f-a^2/conj(z2))); 
    uf=real(Wf); 
    vf=-imag(Wf); 
    xf1(i)=xf1(i-1)+uf*tstep; 
    yf1(i)=yf1(i-1)+vf*tstep; 
        f=zf2(i-1); 
    Wf=Gamma*1i/(2*pi)*(-1/(f-z1)+1/(f-z2)+1/(f-a^2/conj(z1))-1/(f-a^2/conj(z2))); 
    uf=real(Wf); 
    vf=-imag(Wf); 
    xf2(i)=xf2(i-1)+uf*tstep; 
    yf2(i)=yf2(i-1)+vf*tstep; 
        f=zf3(i-1); 
    Wf=Gamma*1i/(2*pi)*(-1/(f-z1)+1/(f-z2)+1/(f-a^2/conj(z1))-1/(f-a^2/conj(z2))); 
    uf=real(Wf); 
    vf=-imag(Wf); 
    xf3(i)=xf3(i-1)+uf*tstep; 
    yf3(i)=yf3(i-1)+vf*tstep; 
        f=zf4(i-1); 
    Wf=Gamma*1i/(2*pi)*(-1/(f-z1)+1/(f-z2)+1/(f-a^2/conj(z1))-1/(f-a^2/conj(z2))); 
    uf=real(Wf); 
    vf=-imag(Wf); 
    xf4(i)=xf4(i-1)+uf*tstep; 
    yf4(i)=yf4(i-1)+vf*tstep; 
  
     
     
    Wv1(i-1)=Gamma*1i/(2*pi)*(+1/(zv1(i-1)-z2)+1/(zv1(i-1)-a^2/conj(z1))-1/(zv1(i-1)-a^2/conj(z2))); 
    uv1(i-1)=real(Wv1(i-1)); 
    vv1(i-1)=-imag(Wv1(i-1)); 
    xv1(i)=xv1(i-1)+uv1(i-1)*tstep; 
    yv1(i)=yv1(i-1)+vv1(i-1)*tstep; 
     
     
    Wv2(i-1)=Gamma*1i/(2*pi)*(-1/(zv2(i-1)-z1)+1/(zv2(i-1)-a^2/conj(z1))-1/(zv2(i-1)-a^2/conj(z2))); 
    uv2(i-1)=real(Wv2(i-1)); 
    vv2(i-1)=-imag(Wv2(i-1)); 
    xv2(i)=xv2(i-1)+uv2(i-1)*tstep; 
    yv2(i)=yv2(i-1)+vv2(i-1)*tstep; 
     
    z1=xv1(i)+1i*yv1(i); 
    z2=xv2(i)+1i*yv2(i); 
     
    i=i+1; 
     

































































plot(xf4,yf4,'Color',[0 .5 0],'LineWidth',1) 
plot(xf4(1),yf4(1),'o','Color',[0 .5 0],'LineWidth',1.5) 
scatter(xf4(texit),yf4(texit),25,[0 .5 0],'filled') 








figure('position',[100 100 size  size]) 
plot(xv1,yv1,xv2,yv2,xv1(1),yv1(1),'kx',xv1(800),yv1(800),'ko') 














title('CRV Swirler: C_p') 
colorbar 
hold 
plot(xc,yc,'k','LineWidth',2) 
quiver(xp,yp,u,v,'k','LineWidth',1) 
